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Introduction 

This  meeting  was  the  Second  International  Workshop  on  Adaptive  Optics  for 
Industry  and  Medicine.  The  first  was  held  in  Shatura,  Moscow  Region,  June  1997. 
The  meeting  provided  an  international  forum  on  non-astronomical  adaptive  optics 
for  scientists,  engineers,  and  industrialists.  The  conference  consisted  of 
predominantly  oral  presentations,  with  a  small  number  of  posters. 

The  Workshop  took  place  at  Colling  wood  College,  which  is  one  of  the  16 
colleges  of  the  University  of  Durham.  The  University  is  home  to  the  UK’s  main 
centres  for  astronomical  adaptive  optics. 

The  programme  of  talks  and  posters  was  very  varied,  and  brought  together  end 
users  of  adaptive  optics  who  specialise  in  other  disciplines,  and  adaptive  optics 
system  and  component  specialists.  These  proceedings  contain  61  papers.  There 
were  5  papers  presented  at  the  conference  which  do  not  appear  here,  and  there  are  3 
papers  here  which  were  not  presented  at  the  conference  due  to  various  difficulties. 

The  papers  are  grouped  together  into  7  topics.  These  are. . . 

•  Extra-Cavity  Adaptive  Optics  for  Lasers 

•  Ophthalmic  Adaptive  Optics 

•  Microscopy 

•  Wavefront  Correctors 

•  Intra-Cavity  Adaptive  Optics  for  Lasers 

•  Wavefront  Sensors 

•  Adaptive  Systems 

The  final  number  of  people  who  attending  the  conference  was  over  100.  This  is 
virtually  double  the  number  of  delegates  who  attended  the  1st  International 
Workshop  on  Adaptive  Optics  for  Industry  and  Medicine,  in  1997.  It  has  been 
proposed  that  the  3rd  International  Workshop  will  take  place  in  2001  in  New 
Mexico,  USA.  I  look  forward  to  another  doubling  of  the  numbers  of  delegates  in 
two  years  time. 


Gordon  D.  Love,  Conference  Chair 
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components.  A  bimorph-type  mirror  using  low-voltage  PZT  material  is  controlled  from  a 
200MHz  Pentium  PC,  using  locally  written  software.  The  Shack-Hartmann  wavefront 
sensor  uses  an  array  of  computer-generated  zone  plates  rather  than  a  lenslet  array,  to  allow 
flexibility  in  the  layout  of  the  sensing  apertures.  The  system  currently  operates  at  a 
frequency  of  11  Hz  in  closed-loop  mode,  achieving  full  correction  in  two  cycles.  Strehl 
ratios  as  high  as  0.8  have  been  measured  for  the  output  beam. 


Introduction 

The  Central  Laser  Facility  operates  several  high-power  lasers  as  research  facilities 
for  university  user  groups.  There  is  a  continual  programme  of  enhancement  of  these 
facilities  in  order  to  extend  the  range  of  science  that  can  be  carried  out.  One  of  the 
areas  with  potential  for  improvement  is  the  beam  quality,  since  a  reduction  in  focal 
spot  diameter  by  a  factor  of  1.4  is  at  present  easier  and  cheaper  than  doubling  the 
laser  output  energy  to  produce  the  same  increase  in  intensity.  Adaptive  optics  offers 
a  means  of  achieving  such  improvements,  so  in  the  last  few  years  we  have 
developed  a  prototype  adaptive  mirror  and  control  system,  with  a  view  to 
understanding  how  to  build  affordable  systems  that  can  be  incorporated  into  our 
large  lasers. 


The  Prototype  Adaptive  Mirror 

The  mirror  is  of  conventional  bimorph  construction,  with  a  0.2  mm  sheet  of  PZT 
(Morgan  Matroc  type  PC5)  glued  to  the  back  of  the  substrate.  The  substrate  is  100 
mm  in  diameter  and  1.5  mm  thick,  and  made  of  Pyrex  to  obtain  the  best  possible 
match  of  its  thermal  expansion  coefficient  to  that  of  PZT.  The  epoxy  glue  layer 
incorporates  a  0. 1  mm  thick  copper  mesh  to  serve  as  a  common  ground  plane  for  all 
the  control  electrodes.  To  overcome  the  problem  of  glue  shrinkage  noted  with  an 
earlier  mirror,  the  PZT  was  bonded  to  the  substrate  before  final  polishing  so  that 
any  curvature  induced  by  glue  shrinkage  could  be  polished  out,  and  the  mirror 
would  be  flat  when  no  voltages  were  applied.  Polishing  proved  a  rather  tricky 
operation,  which  was  performed  with  the  PZT  shorted  out,  so  that  static  charges 
could  not  build  up  and  distort  the  mirror.  A  peak-to-valley  error  of  A/4  was  the  best 
that  could  be  achieved. 
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The  PZT  plate  is  70  mm  square,  and  the  electrodes  were  printed  onto  the  back 
using  conducting  ink.  For  the  prototype  mirror  it  was  decided  to  use  60  electrodes 
in  a  square  grid  pattern,  in  fact  an  8  x  8  square  array  with  the  4  comer  squares 
missing.  Each  electrode  is  a  little  less  than  1  cm  square.  Fine  wires  are  attached  to 
the  ink  electrodes  using  silver-loaded  conducting  paint.  The  mirror  was  mounted  in 
its  holder  using  three  foam  rubber  pads  at  the  edges,  and  the  mirror  holder  is 
mounted  in  a  standard  optical  mount,  which  provides  the  only  tip-tilt  control.  The 
control  software  specifically  removes  errors  in  pointing  before  calculating  the 
required  correction,  so  independent  tip-tilt  adjustment  is  not  needed. 


64-Channel  Voltage  Driver 

The  maximum  drive  voltage  was  the  main  choice  that  had  to  be  made  when 
considering  the  driver.  It  is  useful  to  avoid  high  voltages  for  safety  reasons,  as  well 
as  to  reduce  the  problems  of  tracking,  dust  accumulation  etc.  Another  good  reason 
for  using  low  voltage  is  that  the  cost  of  a  large  number  of  driver  channels  varies 
quite  strongly  with  voltage,  as  more  space,  thicker  insulation  and  specialised 
components  need  to  be  provided.  By  using  very  thin  (200pm)  PZT  plates,  we  were 
able  to  reduce  the  maximum  drive  voltage  to  -  64  volts  and  still  obtain  sufficient 
deflection  for  our  purposes. 

The  driver  is  addressed  from  the  computer  digital  I/O  bus.  Each  channel  has  a 
10°bit  D/A  converter  which  is  followed  by  a  push-pull  transistor  amplifier  giving 
-°64°volts  output  with  a  10°mA  peak  current.  The  set  voltage  on  the  2°nF  control 
electrodes  is  achieved  in  about  100°ps,  which  is  well  within  the  mechanical 
response  time  of  the  mirror.  The  component  cost  (including  power  supplies  and 
rack)  amounts  to  about  £30  per  channel. 


Shack-Hartmann  Wavefront  Sensor 

In  our  experimental  set-up,  the  beam  reflected  from  the  adaptive  mirror  is  monitored 
using  the  reflection  from  the  front  surface  of  a  wedged  plate.  The  sensor  is  a  Shack- 
Hartmann  type,  in  which  an  array  of  computer-generated  Fresnel  zone  plates  is  used 
instead  of  the  conventional  lenslet  array.  The  zone  plate  array  was  made  using 
techniques  developed  for  the  fabrication  of  random  phase  plates  for  focal  spot 
shaping  on  the  Vulcan  laser  at  the  Central  Laser  Facility.  Computer-generated 
masks  are  used  to  expose  photoresist-coated  plates  which  are  placed  in  the  beam  to 
control  the  size  and  shape  of  the  focal  spot.  For  our  application  the  amplitude 
masks  themselves  are  adequate,  since  in  combination  with  a  normal  lens  they  form 
good-quality  foci.  The  zone  plates  in  the  present  sensor  have  a  principal  focal  length 
of  7  metres,  and  their  centres  lie  on  a  5  mm  square  grid;  in  consequence,  each 
individual  plate  has  only  two  complete  zones:  a  clear  central  zone  and  an  opaque 
second  zone.  The  main  lens  has  a  focal  length  of  about  1  metre.  The  pattern  of  foci 
formed  by  the  combination  fits  within  the  CCD  chip,  and  consists  of  spots  with 
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FWHM  diameters  of  8-10  pixels,  which  is  a  good  size  for  accurate  centroiding.  The 
spots  are  well-separated,  and  there  are  only  very  weak  interference  peaks  between 
adjacent  spots,  so  identification  of  the  spots  is  easy  and  the  background  level  is 
low.  The  accuracy  of  centroiding  was  checked  by  measuring  the  position  of  a  spot 
before  and  after  making  a  small,  calibrated,  displacement.  A  glass  plate  in  the  beam 
just  in  front  of  the  camera  was  tilted  through  a  measured  angle,  moving  the  spots 
by  a  calculated  distance  on  the  CCD.  Displacements  as  small  as  1/50  of  a  pixel 
could  be  made  by  this  technique,  and  the  accuracy  of  determining  the  centroid  of  a 
spot  was  found  to  be  typically  -1/10  of  a  pixel.  A  check  was  also  made  on  the 
mirror  relaxation  routine,  which  is  designed  to  restore  the  mirror  to  a  standard 
condition  after  it  has  been  deformed  in  any  way.  An  oscillating  voltage  with  an 
exponentially-decaying  envelope  is  applied  simultaneously  to  all  actuators,  so  the 
mirror  is  taken  repeatedly  around  its  hysteresis  cycle  at  ever-decreasing  amplitude, 
the  entire  process  taking  a  few  seconds.  After  deformation  and  subsequent 
relaxation,  the  Hartmann  spots  return  reproducibly  to  within  1/10  pixel  of  their 
original  positions,  i.e.  within  the  limits  of  measurement  accuracy. 


Control  Program 

The  software  to  control  the  mirror  was  written  in-house  using  the  Delphi  package. 
This  provides  a  ready-made  user  interface,  allowing  us  to  concentrate  on  the  control 
functions.  The  interface  gives  the  operator  control  of  all  the  functions  of  the  mirror: 
there  are  commands  to  allow  the  generation  of  a  new  response  matrix,  to  create, 
save  or  restore  a  reference  Hartmann  image,  to  apply  voltages  to  all  the  actuators 
either  individually  or  in  selected  groups,  to  relax  the  mirror,  to  switch  into  or  out 
of  closed-loop  operation  and  to  perform  single  passes  of  the  correction  cycle. 
Several  diagnostic  routines  are  included  to  display  the  slopes  at  different  points  on 
the  mirror,  the  voltage  levels  applied  to  all  the  actuators  and  the  closed-loop  cycle 
frequency.  Options  to  save  the  voltages,  slopes  and  other  quantities  to  files  for  later 
examination  can  be  switched  on  if  desired. 


Closed-loop  Operation  of  the  Adaptive  Mirror 

Our  first  attempts  to  operate  the  mirror  in  a  closed  loop  made  use  of  curvature 
measurements,  but  these  were  unsuccessful  mainly  because  the  curvature  produced 
by  each  actuator  is  highly  localised.  This  makes  measurement  of  the  effect  of 
actuators  lying  outside  the  beam  area  very  difficult,  and  hence  the  entries  for  those 
actuators  in  the  response  matrix  are  dominated  by  noise.  The  pseudo-inverse  matrix 
calculated  from  the  curvature  data  did  provide  some  control  of  the  mirror  in  the 
central  regions  where  the  curvatures  can  be  measured,  but  the  edges  became  severely 
distorted.  We  therefore  decided  to  switch  from  curvature  to  slope  as  the  measured 
quantity,  since  the  slope  produced  by  an  actuator  extends  several  centimetres  from 
the  actuator  itself.  As  a  result,  every  actuator  contributed  real  data  to  the  response 
matrix,  and  the  resulting  control  matrix  was  able  to  provide  reasonably  good 
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closed-loop  control  of  the  mirror  for  the  first  time.  A  further  refinement  added 
recently  is  to  average  the  centroid  positions  measured  from  ten  image  to  obtain 
better-quality  slope  data.  This  change  produced  much  cleaner  data  for  the  response 
matrix,  and  has  reduced  the  number  of  cycles  required  to  reach  the  full  correction. 

In  its  most  basic  form,  the  control  matrix  is  calculated  by  applying  the 
Pseudoinverse  function  in  Mathematica  to  the  measured  response  matrix,  but  the 
result  is  not  satisfactory.  A  more  sophisticated  approach  involves  decomposing  the 
response  matrix  into  the  product  of  three  square  matrices,  one  of  which  is  diagonal 
and  contains  the  singular  values  (SVs)  of  the  original  matrix.  After  inverting  these 
matrices  individually,  they  are  multiplied  together  in  reverse  order  to  generate  the 
control  matrix.  The  singular  values  reflect  the  sensitivity  of  the  mirror  to  different 
possible  modes:  those  at  the  top  left  correspond  to  the  lowest,  and  those  at  the 
bottom  right  to  the  highest  spatial  frequencies.  By  modifying  the  singular  values 
before  the  final  multiplication  is  carried  out,  it  is  possible  to  suppress  any  tendency 
the  mirror  may  have  to  try  and  generate  large  amplitudes  at  high  spatial  frequency. 
With  no  modification,  the  mirror  rapidly  becomes  severely  deformed,  with  adjacent 
elements  driven  to  the  maximum  voltages  of  opposite  sign;  the  control  program 
then  halts  because  many  of  the  Hartmann  spots  have  moved  too  far  from  their 
original  positions  to  be  located  correctly.  The  simplest  approach  to  modifying  the 
SVs  is  to  set  some  number  of  them  to  zero,  beginning  on  the  lower  right  of  the 
diagonal  so  as  to  suppress  the  highest  frequencies  first:  the  modifying  function  is 
then  a  simple  step.  Using  the  peak  intensity  in  the  far-field  spot  as  a  diagnostic,  we 
found  that  the  control  matrices  generated  with  between  twenty  and  forty  non-zero 
SVs  all  gave  fairly  good  results,  whereas  those  with  either  fewer  or  more  failed  to 
reach  maximum  intensity  in  the  focal  spot.  A  1/1 0th- wave  flat  mirror  was 
substituted  for  the  adaptive  mirror  to  record  an  ideal  far-field  spot  using  the  same 
imaging  system;  the  ratio  of  peak  intensities  in  this  spot  and  in  the  corrected  spot 
from  the  adaptive  mirror  is  a  good  approximation  to  the  Strehl  ratio.  The  same 
mirror  is  used  to  generate  a  reference  wave  front  which  is  the  target  of  the  closed- 
loop  control  algorithm.  The  FWHM  of  the  focal  spot  was  also  measured  in  each 
instance,  but  the  variations  were  too  small  for  it  to  be  a  useful  diagnostic  of  the 
degree  of  correction.  We  found  that  the  most  basic  level  of  correction  would 
produce  a  reasonably  good  focal  spot;  subsequent  refinements  merely  caused  a 
redistribution  of  intensity  within  the  focal  pattern  without  greatly  affecting  the 
overall  structure. 

A  variety  of  other  modifying  functions  has  been  applied  to  the  SVs,  to  investigate 
the  effects  of  a  gradual  smooth  or  stepwise  reduction  in  their  values  over  some 
range.  Modifying  functions  that  have  been  tried  include  linear  scaling  from  1  to  0 
between  selected  values  and  smoother  gradations  using  a  cos2  function.  In  each  case 
the  modifying  function  is  calculated  in  Mathematica  as  a  table  of  60  values  between 
1  and  0,  and  the  Nth  SV  is  then  multiplied  by  the  Nth  entry  in  the  modifying 
table.  The  results  from  this  investigation  are  not  very  conclusive:  the  peak  intensity 
achieved  appears  relatively  insensitive  to  the  details  of  the  modifying  function 
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provided  the  first  10  SVs  are  included  and  the  last  10  are  reduced  to  some  extent. 
Only  minor  differences  were  observed  between  linear  and  cos2  scalings. 


Enhancement  of  the  Closed-Loop  Response 

When  closed-loop  operation  of  the  mirror  was  first  achieved,  the  cycle  time  was 
close  to  700  milliseconds.  The  most  time-consuming  steps  were  found  to  be  the 
centroiding  of  the  Hartmann  spots,  which  took  500  ms,  grabbing  the  frame  from 
the  camera  (160  to  200  ms)  and  the  voltage  output  to  the  driver  box  (90  ms).  The 
first  effort  at  reducing  the  cycle  time  was  aimed  at  speeding  up  the  centroiding,  a 
part  of  the  code  not  originally  written  with  efficiency  as  a  priority.  Some  very 
simple  changes  reduced  the  centroiding  time  to  90  ms,  of  which  half  involved  the 
finding  of  the  brightest  grouping  of  pixels  in  each  cell  of  the  Hartmann  pattern. 
Once  the  initial  correction  has  been  applied  to  the  mirror,  the  spots  should  move 
very  little,  so  the  previous  positions  of  the  centroids  can  be  used  as  a  starting  point 
for  the  next  cycle,  instead  of  locating  all  the  spots  afresh.  Some  further 
modifications  reduced  the  cycle  time  to  130  ms,  of  which  the  calculation  of  the 
centroids  now  accounts  for  6.5  ms:  the  image  analysis  and  voltage  calculation 
sequence  takes  24  ms  in  total.  With  the  screen  display  of  the  Hartmann  pattern 
turned  off,  the  cycle  time  is  reduced  to  93  ms,  corresponding  to  a  frequency  of  10.7 
Hz.  The  cycle  time  is  now  dominated  by  the  hardware,  in  particular  the  voltage 
output  stage,  so  attention  has  been  switched  to  ways  of  reducing  that  part  of  the 
cycle.  At  a  frequency  of  1 1  Hz,  however,  the  mirror  can  already  correct  for  slowly- 
varying  components  of  atmospheric  turbulence. 


Future  Developments 

We  are  constructing  a  150  mm  diameter  mirror,  incorporating  a  few  developments 
in  technology.  The  electrodes  will  be  formed  in  nickel,  plated  onto  the  PZT,  rather 
than  printed;  this  should  solve  the  problem  of  electrodes  becoming  detached  under 
slight  stress.  New  layouts  of  the  electrodes  and  of  the  Hartmann  array  will  match 
the  response  of  the  mirror  to  the  residual  aberrations  known  to  be  present  on  the 
laser  beam.  Some  slight  modifications  to  the  electronics  are  planned,  which  will 
reduce  the  cycle  time  and  may  allow  us  to  reach  25  Hz. 


A  WAVEFRONT  CORRECTION  SYSTEM  FOR  INERTIAL 
CONFINEMENT  FUSION 
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The  basic  arrangement  and  simulation  results  of  a  wavefront  correction  system  for  correcting 
static  and  dynamic  wavefront  errors  in  a  new  inertial  confinement  fusion  system  are  reported. 


1  Introduction 

In  inertial  confinement  fusion  (ICF)  system,  a  high  power  laser  pulse  is  generated, 
amplified,  frequency  converted  and  focused  on  a  target  to  initiate  nuclear  fusion 
reaction.  In  these  systems  two  kinds  of  adaptive  optics  are  demanded.  (1)  The 
wavefront  correction  system.  In  the  processes  of  generating  and  amplifying, 
wavefront  errors  are  induced.  The  sources  of  wavefront  errors  are  static  error  due  to 
figuring  errors  of  optical  components  and  inhomogeneity  of  optical  material  and 
dynamic  error  due  to  thermal  distortion  induced  by  pump  light  and  high  power 
laser,  and  turbulence  in  the  optical  path.  This  wavefront  error  at  the  front  of 
frequency  converter  results  in  angle  mismatch  of  frequency  converting  (FC).  An 
adaptive  optical  system  is  needed  to  correct  the  wavefront  of  laser  beam  before 
entering  the  frequency  converter.  (2)  Focus  spot  re-shaping  system.  The  different 
shapes  of  focus  spot  are  demanded  in  the  physical  experiments,  such  as  the  different 
size  of  round  or  square  spots  with  uniform  intensity  distribution  and  very  low 
intensity  outside  the  spot  or  focus  line  with  uniform  width  and  intensity.  An  active 
mirror  at  the  front  of  focus  lens  can  be  used  for  adjusting  the  shape  of  focus  spots. 

A  new  laser  fusion  system  is  planning  to  be  built  in  China.  Both  wavefront 
correction  system  and  beam  shaping  system  are  being  considered  for  this  new 
facility.  In  the  Shatura  Meeting  held  in  June  1997  in  Moscow  we  reported  some 
preliminary  researches  on  beam  shapingt1!.  in  this  paper  we  will  present  some 
considerations  of  the  wavefront  correction  system. 


2  Wavefront  correction  system 

In  1985  we  built  an  adaptive  optical  system^]  for  t[le  ’’Shenguang  I"  laser  fusion 
system  in  the  Shanghai  Institute  of  Optics  and  Fine  Mechanics,  China.  In  this 
system  a  19  elements  deformable  mirror  and  serial  dithering  control  electronics  are 
used  for  correcting  the  static  wavefront  error.  Several  years  ago,  some  adaptive 
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optics  systems  were  built  in  the  Beamlet  system^’  and  National  Ignition  Facility 
(NIF)  laser  system  at  the  Lawrence  Livermore  National  Laboratory,  USA.  Like  the 
system  for  the  Beamlet,  the  purpose  of  our  new  system  is  to  correct  the  static  and 
dynamic  wavefront  error  in  the  laser  generating  and  amplifying  process.  A 
deformable  mirror,  two  Hartmann-Shack  wavefront  sensors  and  a  parallel  control 
electronics  are  used  in  this  new  system. 

Figure  1  is  the  schema  of  the  adaptive  optical  system.  The  pulsed  Nd:  glass 
laser  is  generated  and  preamplified  in  the  front-end  laser  system,  then  amplified  by 
the  multi-pass  slab  main  amplifier.  The  deformable  mirror  and  the  Hartmann-Shack 
(H-S)  sensor  1  are  located  at  the  output  end  of  the  front-end  system.  Between  the 
end  of  main  amplifier  and  frequency  converting  device,  the  H-S  sensor  2  is  used  to 
measure  the  wavefront  of  the  laser  beam  output  from  the  main  amplifier.  The  static 
wavefront  of  the  front-end  laser  system  can  be  corrected  by  closing  the  loop  of 
deformable  mirror  and  H-S  sensor  1  with  a  CW  alignment  laser.  The  dynamic 
wavefront  of  preamplifier  and  main  amplifier  cannot  be  corrected  in  the  laser  pulse 
duration  but  can  be  recorded  by  H-S  sensor  2.  After  analyzing  the  wavefront  record, 
the  pre-correction  is  set  in  the  H-S  sensor  I  as  a  changed  amount  of  calibrated 
original  coordinate  of  Hartmann  spots.  By  closing  the  loop  between  deformable 
mirror  and  H-S  sensor  1  the  dynamic  wavefront  can  be  compensated  by  the  pre¬ 
correction  of  the  deformable  mirror  and  a  flat  wavefront  of  output  laser  beam  can  be 
obtained.  The  beam  apertures  (FWHM)  of  the  front-end  system  and  main  amplifier 
are  70x70  mm  and  220x220  mm2  respectively. 


Figure  1.  Schematic  diagram  of  the  wave-front  correction  system 
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3  Arrangement  of  actuators  and  subapertures 


Figure  2.  Two  examples  of  arrangement  of  the  actuators  of  deformable  mirror  and  sub-aperture  of  H-S 
sensor. 


The  arrangement  of  actuators  of  deformable  mirror  and  subapertures  of  H-S  sensor 
operated  in  this  square  aperture  beam  is  studied.  Several  kinds  of  arrangements  are 
compared,  as  examples,  two  of  them  are  shown  in  Fig.  2.  The  direct  slope  algorithm 
of  wavefront  reconstruction^!  is  used  and  the  criteria  for  comparing  are:  (1) 
conditional  number  of  reconstruction  matrix,  which  is  the  measure  of  stability  of 
close  loop  correction,  and  (2)  trace  of  matrix  divided  by  the  number  of  actuator  N, 

N ,  which  is  the  measure  of  noise  propagation.  Where  D+  is  the 

reconstruction  matrix.  The  conditional  numbers  of  these  two  arrangement  are  4.727 
and  3.860,  and  the  traces  are  0.1073  and  0.0229  respectively.  Different  Zemike 
wavefront  modes  of  IX  RMS  are  corrected  by  these  arrangements.  Fig.  3  shows  the 
residual  RMS  error  after  correction.  A  random  wavefront  consist  of  65  Zemike 
modes  (Fig.  4b)  is  corrected  by  these  arrangements.  The  amplitudes  of  each  modes 
are  shown  in  Fig.  4a.  The  original  wave-front  is  shown  in  Fig.4b.  The  residual 
errors  after  corrected  by  two  arrangements  are  shown  in  Fig.  4c,d  respectively. 
These  results  show  us  that  arrangement  2  is  better  choice. 


(a)The  weight  of  the  first  65  Zemike  modes 


RMS:  1.360 


(b)The  original  wave-front 
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RMS:0.414 


RMS:0.298 


(c)After  conrected  by  the  arrangement  1 ;  (d)After  corrected  by  the  arrangement; 


Figure  4.  A  wavefront  compounded  of  65  Zemike  modes  and  residual  error  after  correction. 

Our  previous  research  results  showed  that  the  triangle  arrangement  of  actuators 
possesses  better  wave-front  correction  ability  compared  with  other  arrangements181. 
For  a  given  actuators  arrangement,  such  as  the  arrangement  2,  we  simulated  the 
correction  ability  of  different  kinds  of  arrangements  of  the  H-S  sensor  sub¬ 
apertures.  As  shown  in  figure  5,  (a)  is  the  triangle  arrangement  of  actuators  with 
hexagon  arrangement  of  the  H-S  sensor  and  (b)  is  the  triangle  arrangement  of 
actuators  with  rectangle  arrangement  of  the  H-S  sensor. 


(a)  the  hexagon  arrangement  of  sub-apertures 
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(b)  the  rectangle  arrangement  of  sub-apertures 


Figure  5,  the  triangle  arrangement  of  actuators  with  different  kinds  of  sub-apertures  arrangements  of  the 
H-S  sensor. 


Fig.6(a),  the  correction  residual  wave-front  error  RMS  of  the  Zernike  polynomials. 
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Normalized  spatial  frequency  1/(d*n) 


Fig.6(b)  the  correction  residual  wave-front  error  RMS  of  the  different  spatial  frequency  error. 

Figure  6(a)  and  (b)  show  the  correction  residual  wave-front  error  (RMS)  of  these 
arrangements  of  H-S  sensor  sub-apertures.  Compared  figure  3(b)  and  figure  6(a), 
both  the  hexagon  and  rectangle  arrangements  of  H-S  sensor  sub-apertures  have  the 
better  correction  ability  than  that  of  triangle  arrangement.  We  can  not  find  apparent 
differences  between  the  hexagon  and  rectangle  arrangements  in  figure  6(a)  but  in 
figure  6(b).  The  condition  number  of  hexogan  arrangement  is  3.84.  Its  trace  is 
0.021.  The  condition  number  of  rectangle  arrangement  is  3.11  and  its  trace  is  0.019 
So  the  arrangement  of  actuators  and  sub-apertures  shown  in  figure  5(b)  is  the  best 
choice. 


Figure  7.  The  Schema  of  control  electronics. 
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The  schema  of  control  electronics  is  shown  in  Fig.  7.  Both  of  the  H-S  sensors  have  a 
lenslet  array  made  by  binary  optics  technology  and  a  progressive  scanning  CCD 
camera.  The  cameras  are  exposured  by  the  laser  pulse.  The  Hartmann  spots  are 
acquired  and  analyzed  by  a  computer,  the  output  is  used  to  control  the  deformable 
mirror  through  high  voltage  amplifiers. 

Other  important  issues  such  as  light  intensity  adjustment  for  the  CCD  camera, 
aperture  matching  optics  and  calibration  of  H-S  sensors  are  considered.  This  system 
is  being  constructed. 
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Most  large  laser  systems  at  Lawrence  Livermore  National  Laboratory  require  adaptive  optics 
to  correct  for  internal  aberrations  in  these  high-power  systems.  Many  of  these  systems, 
including  those  being  developed  for  Inertial  Confinement  Fusion  and  Laser  Isotope 
Separation,  already  contain  adaptive  optics  based  on  conventional  deformable  mirror 
technology.  Increasing  requirements  for  laser  system  applications  are  currently  driving 
wavefront  control  technology  toward  increased  spatial  frequency  capacity,  as  well  as  reduced 
system  costs.  We  will  present  recent  progress  in  the  utilization  of  liquid  crystal  spatial  light 
modulator  technology  appropriate  for  high-resolution  wavefront  control  of  high-power  laser 
systems. 


1  Introduction 

Nearly  every  new  large-scale  laser  system  application  at  LLNL  has  requirements  for 
beam  control  which  exceed  the  current  level  of  available  technology.  For 
applications  such  as  inertial  confinement  fusion,  laser  isotope  separation,  laser 
machining,  and  laser  the  ability  to  transport  significant  power  to  a  target  while 
maintaining  good  beam  quality  is  critical. 

There  are  many  ways  that  laser  wavefront  quality  can  be  degraded.  Thermal 
effects  due  to  the  interaction  of  high-power  laser  or  pump  light  with  the  internal 
optical  components  or  with  the  ambient  gas  are  common  causes  of  wavefront 
degradation.  For  many  years,  adaptive  optics  based  on  thing  deformable  glass 
mirrors  with  piezoelectric  or  electrostrictive  actuators  have  been  used  to  remove  the 
low-order  wavefront  errors  from  high-power  laser  systems.  These  adaptive  optics 
systems  have  successfully  improved  laser  beam  quality,  but  have  also  generally 
revealed  additional  high-spatial-frequency  errors,  both  because  the  low-order  errors 
have  been  reduced  and  because  deformable  mirrors  have  often  introduced  some 
high-spatial-frequency  components  due  to  manufacturing  errors.  Many  current  and 
emerging  laser  applications  fall  into  the  high-resolution  category  where  there  is  an 
increased  need  for  the  correction  of  high  spatial  frequency  aberrations  which 
requires  correctors  with  thousands  of  degrees  of  freedom. 

The  largest  Deformable  Mirrors  currently  available  have  less  than  one  thousand 
degrees  of  freedom  at  a  cost  of  approximately  $1M.  A  deformable  mirror  capable 
of  meeting  these  high  spatial  resolution  requirements  would  be  cost  prohibitive. 
Therefore  a  new  approach  using  a  different  wavefront  control  technology  is  needed. 
One  new  wavefront  control  approach  is  the  use  of  liquid-crystal  (LC)  spatial  light 
modulator  (SLM)  technology  for  the  controlling  the  phase  of  linearly  polarized 
light.  Current  LC  SLM  technology  provides  high-spatial-resolution  wavefront 
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control,  with  hundreds  of  thousands  of  degrees  of  freedom,  more  than  two  orders  of 
magnitude  greater  than  the  best  Deformable  Mirrors  currently  made.  Even  with  the 
increased  spatial  resolution,  the  cost  of  these  devices  is  nearly  two  orders  of 
magnitude  less  than  the  cost  of  the  largest  deformable  mirror. 


2  SLM  Technology 

The  LC  SLM  devices  utilized  in  the  investigations  described  in  this  paper  are  a  type 
of  optically-addressed  (OA)  nematic  LC  SLM  currently  available  from  both 
Jenoptik  and  Hammamatsu.  These  devices  are  capable  of  phase  correction  of  greater 
than  one  wave  at  visible  and  near-infra-red  wavelengths.  An  OA_LC_SLM  consists 
of  a  thin-film  sandwich  structure,  shown  in  figure  1,  with  an  amorphous  silicon 
photo-semiconductor  Amorphous  Silicon  (a-Si),  a  parallel  aligned  nematic  liquid 
crystal,  a  dielectric  mirror,  and  a  pair  of  transparent  electrodes  on  glass  substrates. 
The  voltage  applied  to  the  electrodes  is  divided  between  photo-semiconductor  and 
liquid  crystal  layers,  depending  on  the  illumination  intensity,  thereby  enabling  2D- 
image  modulation  of  the  refractive  index  of  the  LC. 

To  activate  the  OA_LC_SLM  the  amorphous  silicon  (a-Si)  layer  must  be 
exposed  to  an  image  pattern.  The  resolution  of  control  of  the  SLM  is  directly 
proportional  to  the  resolution  of  the  image  pattern  generated  onto  the  a-Si  layer  up 
to  some  limit.  In  the  state  where  no  pattern  is  incident  on  the  device,  the  impedance 
of  the  a-Si  layer  is  very  high,  with  or  without  the  voltage  applied  across  the 
electrodes.  When  an  image  pattern  is  projected  onto  the  a-Si  layer,  the  impedance 
of  the  a-Si  reduces  in  proportion  to  the  light  intensity  in  that  region  and  the  voltage 
applied  to  the  liquid  crystal  increases,  causing  electro-optic  modulations  in  the 
liquid  crystal  layer  due  to  the  movement  of  liquid  crystal  molecules. 

The  resolution  of  the  image  projection  system  (which  in  this  case  is  based  on  a 
liquid  crystal  display  or  LCD)  determines  at  the  resolution  at  which  the  SLM  will 
effect  the  read  beam.  The  currently  available  devices  have  the  capability  of 
providing  control  of  up  to  50  line-pairs/mm.  The  device  from  Jenoptik  comes  with  a 
832  x  624  LCD  and  Hamamatsu  provides  a  640  x  480  LCD.  The  operational 
configuration  is  shown  in  Figure  2. 

These  devices  work  with  polarized  light.  The  maximum  phase  shift  is  obtained 
when  the  polarization  of  readout  light  is  parallel  to  the  axis  of  the  liquid  crystal 
molecules.  When  the  polarization  of  readout  light  is  perpendicular  to  the  axis  of  the 
liquid  crystal  molecules  the  phase  shift  is  negligible. 


3  Phase  Reconstruction  Methods 

Accurately  controlling  wavefront  phase  with  a  high-spatial-resolution  wavefront 
correction  device  requires  a  high-spatial-resolution  wavefront  measurement 
capability.  This  can  be  provided  with  a  standard  Shack-Hartmann  wavefront  sensor 
using  available  high-density  lenslet  arrays.  However,  computational  requirements 
for  traditional  matrix-vector  multiply  wavefront  reconstruction  algorithms  using 
slope  data  from  a  Shack-Hartmann  (or  other  wavefront  slope)  sensor  scale  as  N2 
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where  N  is  the  number  of  phase  points.  For  large  N,  greater  than  103  this  begins  to 
become  impractical.  Since  the  slope  measurement  of  the  Shack-Hartmann  sensor 
can  be  represented  by  a  spatial  filtering  operation,  an  inverse  filter  can  be  designed 
to  directly  recover  the  wavefront  from  the  slope  data.  This  allows  the  reconstruction 
process  can  then  be  implemented  as  a  2D  convolution  operation  using  FPT’s  which 
scale  as  Nlog2N.  We  have  used  computer  simulations  to  demonstrate  that  for  4096 
phase  points  the  FFT-based  algorithm  is  ~30  times  faster  than  a  matrix  multiply 
(Figure  3).  A  similar  approach  has  been  utilized  by  Chanteloup  et  al3  with  a 
shearing  interferometer  as  the  wavefront  slope  sensor. 

We  have  used  the  FFT-based  reconstruction  method  in  lab  experiments  using 
the  test-bed  described  in  Figure  3  with  a  Shack-Hartmann  sensor  of  lKxlK  pixels 
containing  a  lenslet  array  with  greater  than  2500  lenslets.  To  verify  that  the 
algorithm  would  accurately  represent  the  pattern  generated,  a  checkered  phase 
pattern  was  produced  on  the  LC  SLM  and  Shack-Hartmann  image  data  was 
recorded  (figure  4a).  The  wavefront  phase  was  then  reconstructed  using  the  FFT- 
based  method  (figure  4b).  The  resulting  phase  reconstruction  accurately  depicted 
the  applied  checkered  phase  pattern.  Additional  tests  were  performed  using  different 
phase  patterns  with  each  reconstruction  accurately  representing  the  applied  pattern. 

4  SLM  Experimental  Test  Bed 

A  test-bed,  shown  schematically  in  Figure  5,  has  been  assembled  to  allow  the 
evaluation  of  SLM  devices  for  high-spatial-resolution  spatial  wavefront  control. 
This  test-bed  provides  the  capability  to  place  both  low-order  and  high-order 
aberrations  onto  a  beam,  to  detect  these  aberrations  with  a  high-spatial-resolution 
Shack-Hartmann  sensor,  and  to  correct  these  phase  aberrations  using  the  OAJLC 
SLM.  This  process  is  currently  implemented  using  multiple  computer  systems  in  a 
human-in-the-loop  closed-loop  operation. 


5  Experimental  Results 

An  initial  set  of  experiments  has  been  completed  using  the  Jenoptik  OA_LC  SLM. 
In  these  experiments,  an  aberration  was  placed  into  the  main  beam  path  (Figure  6a) 
and  the  resulting  high-resolution  Shack-Hartmann  image  was  processed  using  the 
FFT-based  method  to  reconstruct  the  phase  (Figure  6b).  From  the  reconstructed 
phase  an  appropriate  correction  image  was  generated  and  applied  via  the  SLM.  The 
applied  correction  produced  a  significantly  improved  far  field  spot.  Figure  6c.  The 
corrected  wavefront  was  reanalyzed  with  the  same  methods  (Figure  6d)  and  a 
significant  improvement  was  observed  in  the  reconstructed  phase  image. 

Similar  experiments  utilizing  the  Hamamatsu  AO_LC  SLM  are  currently 
underway  in  the  SLM  test-bed  with  some  modifications  to  improve  the  collimation 
of  the  write-beam  from  the  back-light  diode  and  thereby  improve  the  correlation 
between  the  image  pattern  generated  on  the  LCD  and  the  phase  correction  produced 
by  the  SLM. 
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Design  for  the  introduction  of  an  OAJLC_SLM  into  a  high-powered  short- 
pulse  laser  is  also  currently  in  progress.  The  OA_LC_SLM  will  be  used  to  correct 
high-spatial-frequency  phase  errors  in  the  front  end  of  the  Petawatt  Short-Pulsed 
Laser4,5.  In  this  experiment  we  will  be  testing  the  ability  of  the  SLM  to  correct  for 
high-spatial-frequency  errors  and  the  effects  on  transport  of  the  correction  through 
the  spatial  filters  of  the  system.  The  OA_LC_SLM  will  also  be  inserted  into  the 
system  in  two  additional  locations  that  have  a  higher  beam  fluence  to  evaluate  the 
performance  in  high-power  conditions  and  to  determine  the  damage  threshold. 


Figure  1  Anatomy  of  SLM 


Figure  2  SLM  Operation 


Figure  6a  Aberrated  far-fidd 


Figure  6c  Corrected  far-field 

Figure  5  SLM  Test  Bed 


Figure  6b  Aberrated  Wavefront 


Figure  6d  Corrected  Wavefront 
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The  C02  laser  has  an  increasing  influence  on  small  and  middle-scale  companies  in  the 
producing  industry  as  well  as  on  large  companies  like  the  car  industry  as  a  versatile  tool, 
which  is  free  of  wear.  It  is  mainly  used  for  two  manufacturing  processes:  Laser  beam  welding 
and  laser  beam  cutting.  In  the  following  we  want  to  introduce  the  capability  of  the  adaptive 
optics  of  the  Diehl’s  company  integrated  in  laser  machines  in  order  to  realise  a  high  quality 
laser  beam  processing.  As  a  first  example  a  system  technique  for  the  compensation  of  beam 
path  differences  in  laser  beam  cutting  machines  is  described,  secondly  a  processing  head  for 
laser  beam  welding  combined  with  a  novel  sensor  for  a  focus  position  control  is  introduced. 


1  Adaptive  optic  for  material  processing 

For  all  applications  presented  in  this  paper  we  use  an  adaptive  optic,  consisting  of 
an  deformable  copper  mirror,  which  is  driven  by  a  piezoelectric  ceramic  as  an 
actuator.  For  detailed  information  on  the  adaptive  optic  please  refer  to  Reinhold 
Schmiedls  presentation,  Diehl  Stiftung,  “Adaptive  Optics  for  C02-Laser  Material 
Processing”. 

2  Compensation  of  beam  path  differences  at  C02  laser  beam  cutting 


2.1  Laser  beam  cutting 


During  laser  beam  cutting  the  beam  melts  or 
sublimates  the  material  and  a  flow  of  gas 
expulses  the  liquefied  or  gaseous  metal  as  it  is 
shown  in  figure  1.  Inert  gases  for  a  physical 
impulse  transmission  or  oxidising  gases  to 
support  a  exothermal  reaction  are  used.  With 
this  technique  metals  with  a  thickness  up  to 
several  centimetres  can  be  cut. 

The  main  process  parameters  concerning  the 


Figure  1:  model  of  laser 
beam  cutting 


22 


23 


properties  of  the  laser  beam  are  as  well  as  the  temporal  evolution  of  the  beam 
power,  the  focus  radius,  the  axial  focus  position  and  the  K-number.  The  cutting 
quality  and  the  cutting  speed  depends  strongly  on  those  three  parameters. 

2.2  Laser  machine  for  cutting 

The  beam  compensation  system  was  integrated  in  a  cutting  machine  -  the  CB  3000 
produced  by  the  the  Behrens  AG  —  with  a  Rofin  Sinar  RS  6000  C02-laser.  The  laser 
can  be  run  in  two  different  states:  TEM  10*  and  TEM  20.  The  main  parameters  of 
the  raw  beam  are  shown  in  table  1. 


TEM  10* 

TEM  20 

Waist  radius 

6.2  mm 

9.79  mm 

Waist  position  /  mm 

-2900  mm 

-1400  mm 

K-number 

0.48 

0.23 

Table  1:  measured  beam  parameters 

A  typical  design  of  the  cutting  machine  is  equipped  with  “flying  optics”,  which 
means,  that  the  processing  head,  including  the  focussing  element  is  moved  over  the 
workpiece.  The  optical  path  length  in  the  working  room  of  laser  machines  is  several 
meters  long.  Due  to  the  diffraction  of  the  light  with  a  wavelength  of  X  =  10.6  pm, 
the  phase  front  curvature  and  the  beam  diameter  of  the  unfocussed  laser  beam  is  not 
constant  over  the  working  room.  This  leads  to  a  change  of  focus  position  and  focus 
radius  of  the  beam  at  the  working  piece,  as  it  is  shown  in  figure  2. 
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Figure  2:  Raw  beam  diameter,  focus  radius  and  focus  position  in  the  working  room  of  a  laser  cutting 
machine  with  a  focussing  lens  of  f  =  190  mm 
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The  variation  in  focus  position  over  the  whole  working  room  is  up  to  0.5  mm,  but 
the  difference  of  the  focus  radii  along  the  optical  path  is  even  worse  (table  2): 


Minimum:  focus  radius 

Maximum:  focus  radius 

Increase 

TEM  10*: 

0.1 1  mm 

0.16  mm 

45% 

TEM20 

0.185  mm 

0.25  mm 

38  % 

table  2:  Variations  in  focus  radii 


These  characteristics  must  lead  to  a  non-uniform  cutting  quality  along  the  working 
room. 

2.3  Integration  of  adaptive  optics 

The  problems  discussed  above  can  be  solved  by  the  integration  of  adaptive  optics  in 
the  laser  machine.  To  control  focus  radius  and  focus  position,  two  adaptive  optics 
have  to  be  used.  The  first  one  is  mounted  in  an  adaptive  telescope  near  the  laser.  It 
can  change  the  illumination  level  on  the  focussing  element  and  therefore  the  focus 
radius.  The  second  one  is  near  the  processing  head  in  a  delta-housing,  in  order  to 
correct  the  focus  position.  The  mechanical  set-up  is  shown  in  figure  3. 


Figure  3:  upper  left  comer:  adaptive  telescope;  lower  right  comer:  delta  housing  for  the  second  adaptive 
optic;  1  Laser,  2  x-axis,  3  y-axis,  4  z-axis,  5  upper  working  table,  6  lower  working  table 
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2.4  Experimental  results 


The  beam  characteristics  of  the  laser  machine  described  above  could  be  improved 
and  enhanced,  as  it  is  shown  by  measurement  results  in  figure  4.  The  upper  diagram 
shows  the  behaviour  of  the  axial  focus  position  for  three  pre-set  values.  In  the  lower 
diagram  the  corresponding  focus  radii  are  shown. 

The  axial  position  can  be  varied  in  a  range  of  about  7  mm,  the  focus  radii  have  an 
average  value  of  0.131  mm  and  a  standard  deviation  of  0.05  mm. 


optical  path  /  mm 


Figure  4:  Upper  diagram:  controllable  focus  position  for  the  values  +1  mm,  -2.5  mm,  -6  mm;  lower 
diagram:  focus  radius 

With  the  integration  of  the  adaptive  optics  in  conjunction  with  the  on-line 
computation  the  user  has  several  advantages  in  laser  beam  cutting: 

•  Controllable  focus  position 

•  Controllable  focus  radius 

•  Identical  beam  parameters  along  the  whole  working  room 

•  Optical  switch  for  different  laser  modes 


3  Laser  Processing  head  for  laser  beam  welding  with  focus  position 
control 

During  laser  beam  welding  processes  the  quality  of  the  welding  seam  depends  to 
high  extend  on  the  position  of  the  focus  point.  The  welding  of  parts  of  complicated 
shape  formerly  was  accompanied  by  extensive  time  consumption  or  low  quality 
results.  To  minimize  the  time  used  for  preparing  the  welding  track  by  teach  in  and 
to  assure  a  high  quality  level  of  the  welding  seams,  a  sensor  /  actuator  system  using 
adaptive  optics  and  a  Distance-Control-Sensor  (DisCo)  has  been  developed..  The 
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whole  system  is  easily  connectable  to  all  standard  processing  heads,  so  that  it  can 
easily  be  adapted  to  standard  laser  machines. 

3.1  Processing  head  with  integrated  focus  point  controlling  unit  using 
adaptive  optics 

Similar  to  the  application  of  the  compensation  of  the  beam  path  difference,  an 
adaptive  optic  is  integrated  directly  into  the  processing  head,  in  order  to  act  as  an 
actuator  for  controlling  the  axial  focus  position  (figure  5).  The  focus  position  can  be 
shifted  up  to  18  mm  with  a  minimum  influence  on  the  beam  quality  due  to  effects 
like  astigmatism  etc..  Using  the  principle  of  active  triangulation  the  detector  system, 
determines  the  relative  position  of  the  focus  to  the  work  piece  surface.  Controlled 
by  a  PC  this  continuos  position  signal  is  transferred  into  the  actuator  signal,  that 
maintains  the  focus  point  in  ideal  position  by  adapting  the  stroke  of  the  adaptive 
optic.  Both  the  sensor  signal  and  the  control  signal  are  transmitted  using  a  sample 
rate  of  1000  Hz.  Considering  a  typical  path  feed  rate  of  the  processing  head  as 
4m/min  the  focus  gets  controlled  each  0,067mm,  this  enables  to  weld  even  very 
small  parts  with  high  accuracy. 


Figure  5:  Processing  head  for  C02-Laser  beam  welding  with  integrated  adaptive  optics  (left)  and  DisCo 
(Distance  Control)  Sensor  (right) 

During  the  experiments  the  processing  head  with  the  sensor  /  actuator  system  was 
adapted  on  a  C02-laser  machine  TLC  1005  of  the  company  Trumpf.  The  laser 
integrated  in  the  machine  is  a  TLF  4000  Turbo  with  a  maximum  power  output  of  4 
kW.  The  team  parameters  measured  with  a  focussing  mirror  with  f  =  270  mm  and  a 
power  of  3800  W  are:  beam  radius  0.242  mm  (86  %),  K-number  =0.55  (86%). 
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3.2  Experimental  results 

To  demonstrate  the  power  of  the  sensor-actuator  system  an  irregular  steel  plate  with 
a  thickness  of  1  mm  was  welded  with  only  a  line  track  having  been  programmed. 
The  sensor-actuator  system  compensates  the  irregularities  and  provides  a  high 
quality  welding  seam,  as  it  can  be  seen  in  figure  6. 


time  /  s 


Figure  6:  Upper  welding  without  focus  position  control;  lower  welding  with  focus  position  control;  upper 
graph  stroke  of  the  piezoelectric  of  the  adaptive  optic,  lower  graph  sensor  signal 
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A  17-electrode  bimorph  piezoelectric  deformable  mirror  is  used  to  compensate  for  the  thermal 
lensing  and  serious  growth  defects  of  a  40-rnrn  diameter  Ti: sapphire-crystal,  which  is  used  as 
amplifying  medium  in  the  8-TW  TiS-laser  ATLAS  10.  It  was  demonstrated  that  the  peak  flu- 
ence  in  the  near  and  far  field  could  be  reduced  by  a  factor  of  3  and  at  the  same  time  the  fo- 
cusability  was  enhanced  from  3.5  to  2  times  diffraction  limited. 


1  Introduction 

Chirped  pulse  amplification  Ti:sapphire  lasers  [1,2]  are  well  suited  to  deliver  ex¬ 
treme  high  power  densities  of  up  to  1021  W/cm2  which,  e.g.  are  required  for  experi¬ 
ments  studying  light-matter  interaction  in  the  relativistic  regime  [3,4],  Besides  laser 
pulse  energies  in  the  1  to  5  J  region  at  pulse  durations  of  100  fs  or  less,  a  nearly  dif¬ 
fraction  limited  focusability  is  required.  The  beam  quality  -  evaluated  in  terms  of  a 
fluence  distribution  modulated  as  small  as  possible  and  a  wavefront  distortion  as 
minimal  as  possible  -  is  strongly  affected  by  the  optical  quality  of  the  TiS-crystals 
which  are  used  as  the  amplifying  medium. 

In  the  8-TW  TiS-laser  system  ATLAS  10  (see  Fig.  1),  a  40-mm  diameter  TiS- 
crystal  is  used  as  a  four-pass  amplifier  delivering  1.2  J  in  150-fs  pulses  at  10  Hz. 
The  crystal  has  serious  growth  defects  and  shows  inhomogeneous  thermal  lensing 
when  pumped  by  up  to  5  J  of  a  frequency-doubled  Nd-YAG  laser.  The  near-field 
fluence  distribution  in  the  plane  of  the  first  compressor  grating  is  rather  inhomoge¬ 
neous,  showing  two  main  peaks  with  a  fluence  of  up  to  300  mJ/cm2  (Fig.  2),  which 
is  beyond  the  damage  threshold  of  the  gratings.  To  flatten  the  profile,  a  17-electrode 
bimorph  piezoelectric  deformable  mirror  [5]  is  used.  This  procedure  differs  from  the 
usual  application  of  adaptive  optics  in  lasers,  which  only  aims  at  the  correction  of 
the  deformed  wavefront  so  that  the  Strehl  ratio  gets  close  to  unit  [6,7].  In  ATLAS 
10,  this  will  be  done  in  a  further  step  using  a  second  DM  which  will  be  mounted 
further  downstream  from  the  compressor. 
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2  Deformable  mirrors  in  ATLAS  10 

The  setup  of  the  final  amplifier  of  ATLAS  10  is  shown  in  figure  1.  Coming  from 
the  preceding  part  of  the  amplifier  chain,  the  stretched  pulses  with  200-ps  duration 
and  300-mJ  energy  pass  the  TiS-crystal  disk  four  times.  The  crystal  is  pumped  from 
both  sides  by  frequency-doubled  Nd-YAG  laser  pulses  with  up  to  2.5  J.  After  am¬ 
plification,  the  pulses  are  recompressed  to  about  150  fs  in  a  grating  compressor  and 


300m,T,200)is, 
10  lb 


Figure  1.  Setup  of  ATLAS  10  amplifier  with  2  deformable  mirrors. 

the  laser  beam  is  guided  via  the  DM  2  (not  yet  in  operation)  to  the  target  chamber, 
where  it  is  focused  on  different  targets  by  an  off-axis  parabola.  The  DM  1  is  in  a  po¬ 
sition  as  close  as  possible  to  the  pumped  TiS-crystal,  the  component  which  contrib¬ 
utes  most  to  the  wavefront  deformation  of  the  pulse.  The  fluence  distribution  in  the 
near  field  is  monitored  in  a  plane  corresponding  to  the  plane  of  the  first  most  heav¬ 
ily  loaded  compressor  grating. 

3  Experimental  results 

In  several  measuring  campaigns,  the  fluence  distributions  were  measured  both  in  the 
near  field  at  the  grating  site  and  at  a  distance  about  30  m  beyond  downstream  with 
and  without  DM  1  in  operation.  In  addition,  the  pulse  focusability  was  determined. 
The  voltages  applied  to  the  17  electrodes  of  the  bimorph  mirror  were  set  such  that 
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the  near-field  fluence  distribution  was  homogenized  (Fig.  2).  Using  this  voltage 
pattern,  the  voltages  of  the  outer  zone  electrodes  were  slightly  changed  in  order  to 
minimize  the  focal  spot  diameter  of  the  beam  when  focused  with  a  lens  of  4-m  focal 
length.  The  relative  good  shot-to-shot  stability  of  the  TiS  laser  allows  the  voltage 
pattern  of  the  DM  1  to  be  adjusted  only  once  a  day  without  using  a  closed  loop. 


DM  not  in 
operation 
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DM  in  opera¬ 
tion 


Near-Reid  fluence  pattern 
in  tlie  plane  of  tbc 
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Figure  2.  Near  field  distribution  and  focusability  of  the  TiS-laser  beam  with  and  without  DM  1  in  opera¬ 
tion. 

As  can  be  seen  from  figure  2  with  the  DM  1  in  operation,  the  peak  loading  in  the 
grating  plane  was  reduced  by  a  factor  of  3,  and,  as  a  consequence,  the  laser  pulse 
energy  could  be  correspondingly  enhanced.  Despite  the  residual  fluence  modula¬ 
tion,  it  was  possible  to  handle  pulse  energies  of  up  to  1.5  J  without  any  indication  of 
damage  on  the  compressor  gratings.  Although  the  focusability  has  been  improved, 
too,  from  typically  3.5  to  2  times  diffraction  limited,  corresponding  to  an  enhance¬ 
ment  of  the  Strehl  ratio  from  S  <  0. 1  to  S  =  0.4,  it  turned  out  that  with  only  one  de- 
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formable  mirror  it  is  not  possible  to  simultaneously  optimize  both  the  near-field  and 
far-field  fluence  distribution. 


4  Outlook 

After  the  near-field  fluence  distribution  could  be  significantly  improved  with  a 
standard  deformable  bimorph  mirror  working  simply  without  a  closed  loop,  we  will 
concentrate  on  minimizing  the  phase  front  aberrations  and  thereby  enhancing  the 
Strehl  ratio.  It  is  expected  that  the  TiS  laser  beam  can  then  be  focused  to  near  dif¬ 
fraction-limited  diameters.  The  DM  2,  which  must  handle  a  beam  diameter  of  70 
mm,  is  under  construction  and  will  be  implemented  in  ATLAS  10  in  the  next  weeks. 
It  is  intended  to  operate  it  in  a  closed  loop  in  combination  with  a  Shack-Hartmann 
sensor.  For  the  first  time,  one  can  then  study  the  behaviour  of  two  DMs  operating  in 
the  same  laser. 

The  improved  focus  quality  and  the  enhanced  pulse  energy  should  lead  to 
higher  on-target  intensities  than  achieved  hitherto.  The  light-matter  interaction 
should  hence  become  more  relativistic.  This  expectation  will  be  examined  in  two 
experiments.  The  first  concerns  the  production  of  fiision  neutrons  from  deuterated 
plastics  and  the  second  the  generation  of  high  harmonics  from  solid  surfaces.  The 
neutron  yield  and  the  number  of  harmonics  should  significantly  increase. 
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The  Diehl  Stiftung  &  Co.  develops  and  manufactures  adaptive  mirrors  which  are  used  in  the 
beam  delivery  system  of  C02  laser  machines  to  improve  the  processing  results.  With  help  of 
two  adaptive  mirrors  the  focus  diameter  and  the  focus  position  of  the  laser  beam  can  be 
controlled  independently.  This  offers  a  method  to  compensate  the  varying  beam  path  lengths 
in  laser  machines  with  flying  optics,  as  well  as  a  capability  to  adapt  the  focus  parameters  to 
the  processing  demands  in  laser  cutting,  welding,  and  scanning  systems. 


1  Introduction 

In  C02  laser  processing  machines  with  flying  optics  the  beam  path  length  between 
laser  source  and  focusing  optic  depends  on  the  position  of  the  working  head  within 
the  processing  space.  Especially  with  increasing  working  areas  these  path  length 
variations  lead  to  varying  processing  qualities  which  may  exceed  the  tolerance 
limits. 

The  reason  is  the  widening  of  the  laser  beam,  which  is  related  to  the  beam  path, 
will  cause  varying  illumination  and  beam  divergence  at  the  focusing  optic  and 
therefore  varying  focus  parameters  (focus  diameter,  focus  position)  at  the  work 
piece.  As  conventional  passive  beam  forming  components  like  beam  expanders 
reach  their  limits,  adaptive  optics  may  be  used  to  compensate  these  path 
dependencies.  They  may  keep  the  focus  parameters  constant  or  even  control  them 
in-line  with  work  piece  or  process  requirements. 

Due  to  enlarging  working  areas  of  modem  C02  laser  machines,  equipping  of 
laser  machines  with  adaptive  optics  is  becoming  a  standard  in  Europe. 


2  The  Adaptive  Mirror 

Because  of  the  wide  power  range  of  C02  lasers  and  the  high  absorption  of  C02  laser 
radiation  (10,6pm)  in  glass,  in  C02  beam  guidance  systems  commonly  reflective 
optical  components  (mirrors)  are  used.  Therefore  an  adaptive  optic  primarily 
designed  for  C02  applications  is  based  on  an  adaptive  mirror  with  adjustable 
spherical  deflectable  mirror  plate,  in  order  to  generate  optical  surfaces  with  variable 
focal  length. 
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Diehl  Stiftung  &  Co.  at  Nuremberg  develops  and  manufactures  such  adaptive 
mirrors.  The  adaptive  mirrors 
made  by  Diehl  are  metal  mirrors 
with  deflectable  surface,  which 
may  replace  conventional  passive 
mirrors  in  beam  guidance  systems 
of  CO2  laser  machines  with  the 
aim  to  compensate  the  distance- 
relating  variations  of  the  focus 
parameters. 

The  spherical  deflection  is 
approximately  achieved  by  means 
of  a  circular  metal  mirror  plate, 
which  is  restrained  on  its 
circumference,  while  an  actuator 
is  pressing  from  behind  against 
it’s  centre.  In  this  way  approximately  spherical  mirror  surfaces  with  a  height  up  to 
40pm  in  the  centre  of  the  plate  can  be  realised.  Even  a  surface  change-over  from 
concave  to  convex  are  adjustable  using  mirror  plates  with  plane  surface  at  a 
predefined  actuator  stroke. 

The  actuator  deflecting  the  mirror  plate  is  made  up  of  a  stack  of  piezo  ceramic 
plates  which  expand  with  high  force  due  to  an  applied  electrical  voltage. 
Unfortunately  for  exact  expansion  adjustment  the  intrinsic  hysteresis  of  the  piezo 
actuator  has  to  be  compensated.  For  this  reason  a  wire  strain  gauge  sensor  is  fixed  to 
the  ceramics  stack  enabling  a  precise  measurement  of  the  actuator  elongation.  The 
measuring  signal  is  used  in  a  closed  control  loop  to  adjust  the  stroke  of  the  mirror 
centre  with  an  accuracy  of  ±0,5pm  at  frequencies  up  to  50Hz  and  more. 

During  design  of  the  adaptive  mirror  special  care  had  to  be  taken  in  reaching 
reproducible  optical  properties  under  conditions  of  long  term  operations.  Therefore 
the  mirror  plates  are  made  of  a  special  copper  alloy  and  the  actuator  stroke  is 
limited  to  about  40pm.  Thus  the  mirror  design  enables  good  axial  flexibility  allied 
to  extremely  high  rigidity  in  radial  direction.  For  heat  protection  a  scratch  resistant 
surface  coating  with  99,8%  reflectivity  to  C02  laser  radiation  and  a  connection  to  an 
external  cooling  system  is  provided.  The  cooling  of  the  mirror  is  dimensioned  to 
support  sustained  laser  beam  operations  at  a  max.  power  of  3,5kW  (40mm  mirror) 
and  6kW  (60mm  mirror)  without  significant  thermal  influencing  of  the  mirror’s 
shape.  Even  pressure  and  temperature  of  the  cooling  water  may  vary  over  a  wide 
range. 

As  with  all  optical  mirrors  their  reflecting  surface  is  the  most  sensitive  part. 
With  respect  to  this  fact  the  adaptive  mirror  was  designed  such,  that  replacing  of  the 
mirror  plate  is  possible  with  a  minimum  of  time  and  costs. 

To  enable  retrofitting  of  existing  installations  particular  attention  was  placed  on 
the  compatibility  of  the  adaptive  mirror  as  a  stand-alone  device  with  established 
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beam  guidance  components.  The  outer  dimensions  of  the  adaptive  mirror  are  chosen 
such,  that  it  can  be  used  instead  of  passive  plane  mirrors.  In  doing  so  the  replacing 
of  existing  installations  is  possible  with  little  expenditure. 


Feature 

MilUllJAiJM.W 

Free  aperture 

40mm 

60mm 

Max.  laser  power  at  10.6pm 

3,5kW  (cw) 

6kW  (cw) 

>  20Hz 

>20Hz 

Type  of  water  cooling  system 

Cu,  A1 

Cu,  A1 

Temperature  of  the  cooling  water 

20°C  ±5°C 

20°C  ±5°C 

Piezo  control  voltage 

-20V ...  +120V  DC 

-20V ...  +120VDC 

Weight 

1.35kg 

1.85kg 

Max.  size  (diameter  x  length) 

72mm  x  1 80mm 

97mm  x  180mm 

Stroke  of  the  piezo  actuator: 

Standard 

Option 

-20pm ...  0pm ...  +20pm 
(concave/flat/convex) 
other  ranges  on  request 

-20pm ...  0pm  ...  +20pm 
(concave/flat/convex) 
other  ranges  on  request 

Vertical  focus  shift  at  f=180mm 

-5mm ...  +5mm 

-5mm ...  +5mm 

Pressure  of  the  cooling  water 

lbar...5bar 

lbar...5bar 

Operating  temperature 

+5°C...  +40°C 

+5°C...  +40°C 

Storage  temperature 

+5°C...  +60°C 

+5°C...  +60°C 

Relative  air  humidity 

40% ...  80% 

40% ...  80% 

HR  coating  Standard 

Option 

C02  Laser  (10.6pm) 

NdYAG  Laser  (1.06pm) 

C02  Laser  (10.6pm) 
NdYAG  Laser  (1.06pm) 

Technical  data  of  the  adaptive  mirrors 


3  The  Control  Unit  of  the  Adaptive  Mirror 

To  run  the  adaptive  mirror  an  analogue  control  unit  is  necessary  supplying  the  piezo 
actuator  with  expansion  relating  voltages  from  -20V  to  120V.  For  precise 
elongation  adjustment  of  the  piezo  actuator  it’s  strain  gauge  sensor  signals  are  fed- 
back  to  the  control  unit  in  order  to  adjust  the  piezo  control  voltage  by  means  of  a 
closed  loop. 

The  adaptive  mirrors  should  be  integrated  meticulously  into  the  laser 
processing  machine,  as  all  information  about  position  of  working  head,  work  piece 
geometry  and  material,  process  parameters  is  there  available.  It  is  up  to  the  CNC 
programmer  to  calculate  and  to  command  the  appropriate  elongation  of  the  piezo 
actuator.  Commanding  an  elongation  is  possible  via  an  analogue  signal  applied  to 
the  control  unit.  The  signal  magnitude,  which  may  vary  between  0V  and  10V,  is 
linear  transformed  into  an  actuator  stroke  from  0pm  to  40pm.  Particular  care  has  to 
be  taken  in  the  system  installation  as  an  analogue  interface  is  very  sensitive  to 
electromagnetic  distortion.  For  higher  resistance  to  jamming  differential  analogue 
inputs  are  available. 

The  analogue  control  unit  may  also  be  upgraded  with  a  digital  control  unit 
which  provides  a  digital  serial  interface  with  software  handshake  to  the  machine’s 
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CNC.  Optoelectronic  couplers  are  used  to  completely  isolate  the  adaptive  optic 
system  from  the  CNC  so  that  an  optimal  processing  reliability  can  be  guaranteed. 
Nevertheless,  controlling  of  the  adaptive  optic  system  must  happen  by  the  CNC, 
even  if  subtasks  e.g.  controlling  the  adaptive  optic  with  help  of  a  lookup  table, 
system  checks,  processing  of  additional  sensor  inputs  will  be  done  by  the  digital 
control  unit. 


4  Physical  Basics  of  Adaptive  Optics 

Two  physical  effects  have  to  be  considered  in  controlling  the  focus  parameters  e.g. 
in  C02  laser  processing  machines: 

•  The  focus  diameter  is  indirect  proportional  to  the  illumination  of  the  focusing 
optic. 

•  The  axial  focus  position  is  influenced  by  the  curvature  of  the  laser  beam’s  wave 
front  (divergent  /  convergent  beam)  at  the  focusing  optic. 

Controlling  the  focus  parameters  is  optimised  if  focus  radius  and  focus  position  can 
be  adjusted  nearly  independently.  This  is  achieved  by  using  two  adaptive  optics,  the 
one  located  nearby  the  laser  source  the  other  one  nearby  the  focusing  head  (adaptive 
telescope). 

An  adaptive  optic  located  nearby  the  laser  source  can  hold  the  illumination  at 
the  focusing  optic  and  therefore  the  focus  diameter  constant.  Due  to  the  long 
distance  (several  meters)  between  the  adaptive  optic  and  the  focusing  optic,  holding 
the  illumination  of  the  focusing  optic  constant  has  no  noteworthy  influence  on  the 
beam  divergence  which  would  lead  to  variations  of  the  focal  length. 

Variations  of  the  focal  length  are  controlled  by  an  adaptive  optic  installed 
nearby  the  processing  head.  Because  of  a  short  distance  between  the  adaptive  optic 
and  the  focusing  optic  divergence  changes  of  the  laser  beam  will  not  result  in  a 
significant  change  of  illumination  at  the  focusing  optic.  Thus  the  focus  diameter 
remains  approximately  constant  while  the  axial  focus  position  is  shifted. 

If  only  one  focus  parameter  has  to  be  controlled  actively,  only  a  single  adaptive 
optic  is  necessary.  It’s  installation  position  depends  on  the  focus  parameter  which 
has  to  be  adjusted. 

5  Applications 

As  described  above,  the  main  application  of  adaptive  optics  in  C02  laser  material 
processing  is  the  assurance  of  beam  path  independent  focus  parameters.  Thus 
processing  speed  and  quality  can  be  held  on  a  constant  high  level  within  the 
complete  working  space,  saving  time  and  money. 

Further  applications  of  adaptive  optics  are  in  the  sector  of  3-dimensional  laser 
material  processing,  where  work  piece  and  process  relating  focus  shifts  are 
desirable.  With  the  adaptive  optic  installed  in  the  focusing  head,  axial  focus  shifts 
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up  to  10mm  (20mm)  are  achievable  in  combination  with  a  focusing  optic  of  5„ 
(7,5„)  focal  length.  Especially  the  rapid  inertia-less  focus  positioning  of  the  adaptive 
optic  in  comparison  to  the  limited  kinematics  of  the  machine  axes  may  be  an 
advantage  in  applications,  e.g.  in  the  case  of  rapid  changes  for  appropriate  focus 
tracking  along  the  work  piece  surface,  or  when  there  is  a  risk  of  collision  between 
the  working  head  and  the  work  piece. 


6  Future  Prospect 

For  new  products  on  the  subject  „Intelligent  Beam  Guidance  and  Forming  Systems,, 
the  German  companies  Diehl  Stiftung  &  Co.  and  ERLAS  GmbH  in  Erlangen  agreed 
to  work  together.  ERLAS  is  a  new  company  with  much  experience  in  laser  material 
processing.  At  present  both  companies  are  about  to  develop  an  "intelligent" 
processing  head  for  laser  welding,  where  an  adaptive  mirror  is  governed  on-line  by 
an  optical  sensor  which  supervises  the  processing  quality.  For  further  information 
see  references  4  below. 
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A  general  description  of  a  Hartmann-Shack  sensor  to  measure  the 
aberrations  of  the  human  eye  is  presented.  Different  factors  affecting  its 
performance  are  reviewed:  the  size  of  the  microlenses,  the  number 
Zernike  modes  required  to  describe  the  ocular  aberrations,  the  statistical 
accuracy  and  the  exposure  time. 


1  Introduction 

Adaptive  Optics  (AO)  promises  important  benefits  in  Visual  Optics  and 
Ophthalmology.  For  instance,  by  correcting  the  ocular  aberrations,  high  resolution 
ophthalmoscopes  may  provide  new  diagnosis  tools.  Liang  et  al.  [1]  obtained 
images  of  the  cone  mosaic  by  using  a  deformable  mirror  as  wavefront  corrector.  As 
an  alternative,  the  use  of  liquid  crystal  spatial  light  modulators  to  correct  the 
aberrations  in  the  eye  was  also  demonstrated  [2).  In  a  different  application, 
customized  contact  lenses  designed  to  correct  aberrations  may  ultimately  improve 
spatial  vision. 

The  initial  step  in  AO  involves  the  detection  of  the  wavefront  aberration 
(WA).  Measuring  the  aberrations  in  the  human  eye  is  a  difficult  task  where  a  mere 
translation  of  techniques  from  other  applications  usually  fails.  Although 
researchers  were  interested  for  centuries  in  measuring  the  degradation  of  the 
retinal  image,  further  than  the  refractive  errors,  was  not  until  the  early  60’ s  when 
Smirnov  [3]  measured  the  first  WA  in  the  eye.  Techniques  to  measure  the  WA  in 
artificial  systems  usually  involve  a  single  pass  through  the  optics  from  a  test  source 
to  the  detector.  In  the  case  of  the  eye,  a  single-pass  would  require  to  place  either 
the  detector  or  the  light  source  within  the  retina.  Subjective  methods  can  be 
considered  to  make  use  of  the  former  solution  since  the  retina  itself  acts  as  a 
detector.  On  the  opposite,  objective  methods  use  the  light  reflected  back  in  the 
retina.  For  example,  from  double-pass  retinal  images,  the  WA  was  calculated  using 
phase  retrieval  techniques  [4],  Other  alternative,  more  appropriate  for  AO  is 
revised  here,  the  Hartmann-Shack  (HS)  sensor  [5,6]. 
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2  HS  sensor  theory  and  operation 

In  the  HS  sensor,  a  wavefront  is  sampled  in  a  number  of  locations  by  a  microlens 
array  placed  in  the  propagation  path.  The  displacement  of  each  spot  is  proportional 
to  the  average  of  the  wavefront  derivative  across  the  microlens.  Typical  procedures 
to  reconstruct  the  WA  from  the  averaged  derivatives  are  modal  approaches, 
consisting  in  fitting  the  coefficients  for  the  expansion  of  the  wavefront  on  a  certain 
functional  basis;  i.e.,  the  Zernike  circle  polynomials  [7].  The  wavefront  mean 
derivative  can  also  be  expressed  as  combination  of  the  mode  derivatives  with  the 
same  coefficients.  Two  systems  of  N  equations  relates  the  measured  x  and  y 
direction  displacements  of  the  N  available  spots  and  the  mean  x  and  y  derivatives 
of  each  mode  inside  each  microlens,  through  the  mode  coefficients.  These  two 
systems  can  be  mixed  since  they  have  the  same  unknowns.  In  matrix  notation  can 
be  expressed  as: 

d  =Bc 

where  d  and  c  are  column  vectors,  representing  the  2N  spot  displacements  in  x  and 
y  direction,  and  the  unknown  n  coefficients  respectively,  and  B  is  the  nx2N  matrix 
of  microlens  averaged  x  and  y  derivatives  of  the  modes.  If  the  number  of 
microlenses  is  enough,  the  system  is  redundant,  although  in  general  inconsistent 
due  to  noise  and  aberration  terms  of  order  higher  than  the  truncation  mode. 

2. 1  Centroiding:  pyramidal  iterative  search  and  sub-pixel  resolution 

The  centroid  location  of  each  HS  spot  is  iteratively  evaluated  in  windows  of 
decreasing  size,  each  centered  on  the  previous  estimate.  The  first  window  is  the 
whole  area  associated  to  the  j-th  pixel  and  the  last  one  is  the  theoretical  size  of  the 
diffraction  pattern.  The  last  window  should  be  centered  very  close  to  the  actual  spot 
center,  almost  unaffected  by  tail  asymmetries  (see  figure  1).  Both  window  size  and 
position  are  expressed  with  floating  point  numbers  of  pixels.  This  sub-pixel 
precision  makes  the  method  more  robust  since  rounding  to  integer  pixel  number 
lead  in  some  cases  to  incorrect  and/or  non-converging  centroid  estimates  due  to  the 
asymmetries  in  the  window  positioning. 

2.2  WA  reconstruction 

A  matrix  inversion  method  was  used  to  reconstruct  the  WA.  An  expansion  of 
the  Zernike  polynomials  in  rectangular  coordinates  for  the  square  geometry  of 
the  microlens  array,  allows  the  elements  of  matrix  B  be  expressed  as  a  simple 
analytic  function  of  the  microlens  edge  positions.  Each  element  of  B  represents  the 
mean  slope  of  a  single 
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Figure  1.  Example  of  centroid  detection  (arrows  indicate  the  centroid  location  in 
each  iteration). 

Zernike  polynomial  (by  columns)  across  one  microlens  in  x  or  y  direction  (by 
rows).  We  have  ordered  the  microlenses  from  top  to  bottom  and  from  left  to  right, 
and  placed  all  the  x  direction  derivatives  in  rows  1  to  N  and  the  y  direction 
derivatives  in  rows  N+l  to  2N.  However,  it  is  important  to  note  that  the  solution  of 
the  system  is  independent  to  changes  in  this  ordering  (except  for  noise  artifacts)  or 
to  elimination  of  some  rows,  provided  that  the  vector  c  was  constructed  consistent 
with  the  number  and  ordering  of  the  elements  considered.  This  permits  to  obtain 
an  accurate  estimation  of  the  WA  for  variable  number  of  modes  and  with 
incomplete  centroiding  data,  which  can  be  a  common  situation  when  measuring 
the  eye. 

The  complete  calculations  takes  less  than  40  msec  for  each  image  in  a 
Pentium-II  PC,  rendering  the  algorithm  appropriate  for  real-time  analysis. 


3  Requirements  for  a  HS  sensor  in  the  eye 

Prior  to  decide  the  specifications  of  a  HS  sensor  for  use  in  the  eye,  it  is  important  to 
know  the  characteristics  and  amount  of  the  typical  aberrations  to  be  measured. 
The  ocular  aberrations  depend  largely  on  different  conditions.  There  are  individual 
variability,  dependence  on  the  pupil  diameter,  the  age  of  the  subject  and  the 
accommodative  state.  Moreover,  it  is  also  known  that  refractive  surgery  produces 
large  amount  of  aberrations.  However,  despite  the  variability,  in  young  subjects  at 
best  focus  and  for  a  medium  pupil  diameter,  the  rms  of  the  WA  typically  ranges 
from  0.2  to  0.4  Dm  (figure  2).  As  an  example  of  the  change  of  the  amount  of 
aberrations  with  the  pupil  diameter,  the  rms  in  one  of  the  subjects  of  figure  2 
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evolves  from  0.25  Dm  to  0.7  Dm,  for  3.5  to  7  mm  pupil  diameter.  Another 
relevant  parameter  is  the  number  of  modes  required  to  describe,  or  to  correct,  the 
aberrations  of  the  eye.  Liang  and  Williams  [6]  showed  that  for  a  3  and  7.3  mm 
pupil  diameter,  4th  and  8th  order  respectively  were  required. 


Figure  2.  Example  of  WAs  in  four  normal  young  subjects  for  a  4.5  mm  pupil 
diameter. 


Although  it  would  depend  on  the  particular  conditions  of  the  experiment, 
it  maybe  useful  to  indicate  some  desired  general  characteristics  for  a  HS  sensor  in 
the  eye.  As  a  general  feature,  a  robust,  fast  and  automatic  software  analysis,  with 
some  of  the  capabilities  previously  presented  is  required.  Other  considerations  are: 

Temporal  rate.  The  system  should  be  able  to  operate  either  in  static  or 
dynamic  temporal  regimes.  While  a  few  second  exposure  measurements  will  be 
relatively  free  of  speckle,  HS  spots  will  present  high  contrast  speckle  patterns  for 
exposure  times  below  500  msec.  Closed  loop  AO  applications  would  require  to 
measure  the  aberrations  at  a  higher  speed,  at  least  around  30  Hz  [8],  A  HS  sensor 
operating  at  this  temporal  rate  with  enough  accuracy  was  recently  demonstrated 
[8].  It  uses  a  short  coherence  source  and  fast  scanning  of  the  image  on  the  retina  to 
reduce  speckle. 

Precision  and  range.  The  required  accuracy  of  a  HS  sensor  depends  on 
the  particular  conditions  and  the  range  of  aberrations  desired  to  be  measured.  A 
general  purpose  sensor  should  be  able  to  track  defocus  changes  of  around  3 
diopters,  without  changing  the  geometrical  configuration.  Automatic  search  of  the 
spots  would  overcome  the  problem  of  crossover  for  large  aberrations.  Although  a 
precision  of  0.01  Dm  maybe  adequate,  typical  systems  will  present  better 
performance. 
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4  Some  factors  limiting  HS  sensor  performance 


4.1  Statistical  accuracy 

To  estimate  the  statistical  accuracy  of  the  HS  sensor,  we  simulated  in  the  computer 
an  experiment  in  which  a  flat  wavefront  is  detected  with  random  errors  in  the 
centroid  detection.  Random  fluctuations  in  the  range  [-1,1]  pixels  produces  in  the 
WA  a  statistical  error  hardly  exceeding  0.05  Dm.  For  individual  Zemike  modes 
the  error  is  less  than  0.015  Dm.  Although  it  is  difficult  to  quantify  the  positioning 
error  in  a  real  sensor,  a  range  of  [-1,1]  pixel  is  a  highest  limit  when  using  a  sub¬ 
pixel  centroiding  algorithm. 


4.2  Spatial  resolution 

Two  different,  although  related  aspects,  limit  the  spatial  resolution  of  the  WA 
estimates  obtained  from  the  HS  data:  the  microlens  size  and  the  number  of  modes 
used  to  express  the  WA.  Each  lens  of  the  array  acts  as  a  spatial  integrator  and, 
therefore,  details  smaller  than  its  size  are  not  captured.  On  the  other  hand,  the 
number  of  modes  is  ultimately  limited  by  the  available  data  for  fitting,  and  this 
truncation  also  results  in  a  loss  of  higher  order  details.  To  evaluate  the  effect  of  the 
microlens  size,  the  spot  decentering  data  corresponding  to  a  known  WA  were 
evaluated  with  the  same  rectangular  geometry  and  pupil  diameter,  but  different 
microlens  sizes.  The  fitting  results  were  quite  stable  for  sensor  configurations  with 
8  or  more  microlenses  within  the  pupil  diameter.  This  suggests  that  the  spatial 
resolution  "of  the  HS  sensor  is  not  mainly  affected  by  the  lens  size,  provided  that  the 
total  number  of  lenses  was  enough  to  fit  the  desired  number  of  coefficients.  As  an 
example,  to  measure  the  aberrations  in  a  typical  eye  with  6  mm  pupil  diameter,  a 
microlens  size  smaller  than  0.75  mm  in  diameter  and  35  modes  (7th  order)  should 
be  used.  In  this  case,  around  50  HS  spots  will  assure  enough  degree  of  redundancy 
for  WA  reconstruction. 


4.3  Temporal  fluctuations  and  exposure  time 

The  effects  of  time  averaging  on  the  HS  sensor  performance  were  also  evaluated  by 
recording  simultaneously  double-pass  (DP)  images  of  a  point  source  and  HS 
images  for  different  exposure  times.  Discrepancies  found  between  the  HS  and  DP 
estimates  of  the  ocular  MTF  becomes  smaller,  and  even  negligible,  for  short 
exposure  times.  This  suggests  that  the  HS  sensor  may  overestimate  the  retinal 
image  quality  for  long  exposure  times,  due  to  the  temporal  fluctuations  of  the  eye  s 
aberrations  (see  reference  [9]  for  additional  details). 
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1  Introduction 

In  measuring  the  wavefront  aberrations  of  the  eye  objectively  it  is  necessary  to 
illuminate  the  eye  and  use  the  reflected  and  scattered  light.  Phase  information 
loss  due  to  the  double-pass  process  in  optics  is  a  well-known  problem1,  2.  It 
is  present  when  trying  to  estimate  the  optical  quality  of  the  eye,  and  this  case 
has  been  described  by  Artal  et.al.3,  4.  The  basic  problem  is  that  the  odd 
aberrations  may  be  incorrectly  estimated  and  this  is  minimised  in  the  double 
passage  case  by  breaking  or  reducing  the  symmetry  between  the  input  and 
output,  for  example  by  having  different  numerical  apertures  for  the  entering 
and  exiting  light.  The  region  where  information  is  lost  corresponds  with  that 
of  the  overlap  between  the  entrance  and  exit  paths.  The  eye  is  diffraction 
limited  for  pupil  diameters  smaller  than  2mm  once  correction  is  made  for  focus 
and  astigmatism.  This  means  that,  for  the  eye,  only  redundant  information 
is  lost  if  one  of  the  system  pupils  is  2mm  or  less,  while  the  other  one  is 
bigger.  In  this  case,  single  and  asymmetric  double  pass  wavefront  aberration 
measurements  should  provide  the  same  data. 

The  basic  problem  of  many  double-pass  methods  of  determining  the  wave- 
front  aberration,  such  as  those  based  on  the  Shack-Hartmann  sensor,  shearing 
interferometry  and  the  curvature  sensor,  is  that  the  reflection  and  scattering 
at  the  retina  retains  the  coherence  of  the  light  to  some  extent.  This  means 
that  in  the  double-pass  the  phase  information  accumulated  in  the  first  pass 
is  retained  in  the  second  pass.  To  solve  this  problem  we  suggested  generat¬ 
ing  a  non-coherent  light  source  at  the  retina  by  using  lipofuscin,  a  naturally 
occurring  fluorophore®  in  the  same  fashion  as  in  astronomical  laser  guide 
star  adaptive  optics  using  the  emission  of  light  from  atmospheric  mesospheric 
layer6.  This  method  provides  us  with  a  way  of  comparing  double-pass  with 
single-pass  wavefront  measurements.  In  addition,  scattering  properties  of  the 
retina  are  being  studied  by  using  light  with  different  polarization  states  to 
illuminate  the  eye.  Analysis  of  its  polarization  state  after  the  double-pass  in 
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Figure  1.  Experimental  setup  used  to  measure  the  wavefront  aberration  of  the  human  eye 


conjunction  with  the  wavefront  reconstruction  is  used  for  this  purpose. 


2  Experimental  set-up 

Fig.  1  shows  the  experimental  setup  used.  Laser  (1)  is  either  a  green  He-Ne 
laser  emitting  at  543nm,  or  a  red  laser  diode  emitting  at  635nm.  Green  light 
is  used  to  excite  lipofuscin  and  get  a  single-pass  measurement,  while  red  light 
is  used  to  generate  an  asymmetric  double-pass  process.  Red  or  green  light 
is  chosen  by  means  of  a  mirror.  The  green  beam  is  spatially  filtered  with 
a  pinhole  (PH)  of  15pm  and  collimated  by  means  of  doublet  (LI).  The  red 
laser  diode  is  connected  to  an  optical  fiber;  its  tip  is  used  as  a  point-like  light 
source.  It  is  collimated  by  the  same  doublet  (LI).  Beamsplitter  (Bl)  is  a 
either  a  dichroic  filter  which  reflects  light  at  543nm  and  transmits  all  longer 
frequencies  in  the  visible  and  near  infrared,  and  is  used  when  the  green  He-Ne 
is  selected,  or  a  polarising  beam  cube  splitter  is  used  when  the  other  laser 
is  selected.  In  between  doublet  L3  and  the  eye  a  quarter  waveplate  can  be 
introduced.  This  plate  in  combination  with  the  polarizing  beamsplitter  send 
into  the  eye  circularly  polarized  light  and  transmit  to  the  sensor  only  that  light 
that  does  not  change  its  polarization  state  after  interacting  with  the  ocular 
media.  Entrance  and  exit  pupils  (PI)  and  (P3)  are  conjugated  with  the  eye 
pupil  (P2).  The  lens  of  the  eye  forms  an  image  of  the  source  at  the  retina, 
(exciting  lipofuscin  when  using  green  light).  Reflected  (and  fluorescent)  light 
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propagate  back  through  the  system.  Doublet  (L4)  is  used  to  form  a  Fourier 
image  at  the  pupil  plane  (P4);  spatial  filtering  at  this  plane  filters  out  most 
of  the  reflections  from  the  system  and  cornea,  and  also  autofluorescence  light 
from  ocular  tissues  other  than  the  retina.  Doublet  (L5)  recollimates  the  beam. 
Filter  (FI)  is  an  edge  filter,  used  only  when  detecting  fluorescence,  which 
rejects  virtually  all  the  light  below  550nm  not  reflected  by  dichroic  (Bl).  Note 
that  all  the  doublets  in  the  system  are  used  with  a  low  numerical  aperture  to 
minimise  any  additional  aberration  introduced  by  the  optics. 

A  Shack-Hartmann  (S-H)  sensor  is  conjugated  with  pupils  (P2)  and  (P3). 
A  reference  beam  is  introduced  via  a  removable  beamspliter  (B2).  A  col¬ 
limated  beam  from  a  laser  diode  («630nm)  is  used  for  this  purpose.  The 
lenslets  of  the  Shack-Hartmann  sensor  were  0.8  x  0.8mm  square  (in  the  eye 
pupil  plane).  The  Shack-Hartmann  sensor  casts  an  array  of  spots  on  the 
CCD  array.  The  CCD  camera  is  a  Princeton  Instruments  model  TE512  with 
a  quantum  efficency  of  40%  and  a  read  out  noise  of  approximately  10  elec¬ 
trons.  By  comparing  the  array  of  spots  produced  by  the  reference  beam  with 
that  produced  by  the  beam  outgoing  from  the  eye  it  is  possible  to  reconstruct 
the  wavefront  of  the  latter.  Its  operation  principle  is  described  by  Tyson7. 

Three  different  sets  of  measurements  had  been  taken  in  a  group  of  10 
subjects  and  comparison  between  them  have  been  achieved.  Ethical  approval 
has  been  granted  for  measurement  in  a  total  of  20  normal  subjects.  The  sets 
are  the  following: 

1.  Single-pass  measurements  using  lipofuscin  fluorescence. 

2.  Double-pass  measurements  using  p  linearly  polarized  light  and  collecting 
s  polarized  light. 

3.  Double-pass  measurements  using  circularly  polarized  light  and  collecting 
fight  that  did  not  change  its  polarization  state. 

Measurements  from  set  1  are  single-pass  measurements;  set  number  2  is  ex¬ 
pected  to  collect  mainly  scattered  fight,  i.e.  decohered  fight;  this  means  that 
the  size  of  the  entrance  pupil  should  not  affect  aberration  measurements.  Set 
number  3  is  expected  to  collect  backscattered  fight  i.e.  non-decohered  fight,  or 
double-pass  fight;  in  this  case  it  is  expected  to  observe  a  variation  in  the  aber¬ 
rations  when  using  different  entrance  pupils  due  to  double-pass  information 
loses.  Because  retinal  lipofuscin  is  behind  the  layer  of  cones,  by  comparing 
set  1  against  set  2  a  difference  only  in  defocus  (apart  from  changes  introduced 
by  differences  in  tilting)  is  expected  to  be  observed  between  both  of  them. 

For  each  subject  the  data  from  every  set  were  compared  against  each 
other  and  against  the  data  within  the  same  set  for  different  pupil  sizes.  All 
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Figure  2.  (a)  Single-pass  vs  symmetric  double-pass  using  linearly  polarized  light,  (b)  Asym¬ 
metric  double-pass  vs  Symmetric  double-pass;  both  using  circularly  polarized  light 


three  sets  were  taken  varying  the  diameter  of  the  entrance  pupil  from  1.5mm 
to  8mm.  Due  to  the  length  of  the  session  only  2  sets  of  data  were  taken 
from  each  subject.  The  subject’s  head  was  fixated  by  means  of  a  bite  bar 
and  accommodation  was  paralysed  and  the  pupil  dilated  using  Phenliephrine 
2.5%  and  Tropicamide  1%. 

3  Results 

The  measured  aberrations  of  the  eye  vary  dynamically8.  When  accommoda¬ 
tion  is  paralysed  changes  are  due  mainly  to  changes  in  eye  tilting;  however 
defocus  and  spherical  aberrations  (Zernike  terms  5  and  14  in  figure  2)  are  not 
expected  to  change  with  tilting,  so  this  two  terms  are  usually  our  reference 
“pivot”  for  comparison  if  variability  of  other  Zernike  terms  is  big.  Addition¬ 
ally,  comparison  between  two  sets  of  data  was  always  performed  between  the 
data  where  variability  was  a  minimum. 

Figure  2  shows  the  experimental  results  for  2  different  subjects;  the  hori¬ 
zontal  axis  are  Zernike  modes  and  the  vertical  axis  are  the  amplitude  of  these 
modes  in  microns.  Figure  2a  shows  single-pass  data  using  lipofuscin  autoflu¬ 
orescence  (set  1)  against  double-pass  data  using  linearly  polarized  light  (set 
2)  with  a  big  entrance  pupil.  A  change  in  defocus  is  observed  ( 5th  Zernike 
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mode),  this  corresponds  with  a  depth  of  between  44  and  56  microns  for  the 
normal  eye  with  a  focal  length  between  16mm  and  18mm.  The  layer  of  cones 
at  the  fovea  is  around  60  microns  depth. 

Figure  2b  shows  asymmetric  double-pass  data  compared  against  symmet¬ 
ric  double-pass  data  using  circularly  polarized  light.  Contrary  to  what  we 
expected  variability  of  aberrations  is  very  small  when  changing  the  size  of 
the  entrance  pupil.  Three  subjects  were  tested  using  this  technique  and  this 
result  was  repeated  in  all  of  them. 

4  Discussion 

Unexpected  results  may  be  due  to  the  presence  of  birefringent  structures  in 
the  eye,  such  as  cornea,  lens  and  retinal  fibre  nerves.  Haidinger  brushes  have 
been  attributed  to  birefringence  and  selective  absorption  of  light  at  Henle’s 
nerve  layer  9.  Similar  patterns  of  light  can  be  observed  when  photographing 
the  macula  with  crossed  polarizers10.  Some  of  the  Shack-Hartmann  arrays  of 
spots  saved  when  taken  data  for  set  2  present  a  light  distribution  characteristic 
of  Haidinger  brushes  (See  Fig.  3).  This  means  that  light  used  to  sense  the 
wavefront  in  sets  2  and  3  has  been  affected  by  several  birefringent  structures 
at  the  retina  and  cornea;  and  that  the  light  selected  to  sense  the  wavefront 
may  not  be  exactly  the  one  we  wanted  to  choose.  The  birefringence  of  the 
cornea  may  be  playing  a  very  important  role.  Varying  the  angle  of  polarization 
may  provide  us  with  very  helpful  information  about  the  scattering  process  at 
the  retina.  Future  experiments  are  to  be  carried  to  understand  this  process 
better. 


Figure  3.  Array  of  SH  spots  with  a  light  distribution  characteristic  of  Haidinger  brushes 
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3-D  CATARACT  IMAGING  SYSTEM 
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This  paper  describes  a  new  adaptive  optics  instrument  and  associated  diagnostic  system  for 
volumetric,  in  vivo  imaging  of  the  human  lens  and  visual  acuity  characterization.  The  system  is 
designed  to  allow  one  to  capture  simultaneous,  in-focus  images  of  the  human  lens  at  multiple 
“image  planes.”  Based  on  the  adaptation  of  a  deformable  grating  originally  developed  for 
atmospheric  turbulence  measurements,  the  instrument  will  demonstrate  an  improvement  over 
current  techniques  for  imaging  cortical,  nuclear  and  posterior  subcapsular  cataracts.  The  system 
will  characterize  the  human  lens  optically  and  will  automatically  produce  an  estimate  of  visual 
function  as  affected  by  the  measured  abnormalities  in  the  lens.  The  process  that  Kestrel  and  DERA 
Malvern  will  use  to  demonstrate  the  key  techniques  for  simultaneously  acquiring  in  vivo  lens 
imagery  at  multiple  focus  planes  employs  a  surrogate  lens.  Eventually  the  camera  could  be 
considered  as  a  replacement  for  most  standard  slit  lamp  instruments  allowing  them  to  be  converted 
into  a  3-D  imaging  system. 


1  Introduction 

One  of  the  underlying  problems  which  limits  the  ability  to  characterize  cataracts  accurately  or  to 
grade  them  quantitatively  for  clinical  or  research  settings  is  the  limited  capability  of  today’s 
instmmentation  for  imaging  the  human  lens.  At  present  there  is  no  commercial  system  that  can 
image  simultaneously  at  multiple  focus  planes  within  the  lens.  If  one  is  to  conduct  research  into 
cataractogenesis,  an  important  capability  is  a  means  of  classifying  and  measuring  cataractous 
change  in  vivo.  This  would  allow  one  to  use  baseline  measurements  to  assess  the  effect  of 
treatment  or  placebo  and  to  quantify  precisely  the  longitudinal  changes  in  large  populations  used 
in  epidemiological  studies  [1,  2,  3, 4]. 

Currently  cortical  cataracts  are  imaged  in  low  light,  using  retroillumination.  Low 
illumination  levels  demand  fast  optics  with  limited  depth  of  field.  This  means  that  when  one 
focuses,  for  example,  on  the  posterior  surface  of  the  lens  to  image  a  posterior  subcapsular 
opacification,  cortical  and  nuclear  cataracts  0.5  mm  or  more  anterior  to  the  posterior  lens  surface 
will  not  be  in  focus  and  are  not  easily  detected.  To  overcome  this  problem  it  is  necessary  to 
capture  several  images  focused  at  different  levels  within  the  lens.  With  existing  slit  lamps, 
including  Scheimpflug  cameras,  it  is  not  possible  to  measure  precisely  the  distance  along  the 
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optical  axis.  The  precise  location  of  the  lens  opacities  is  important  for  predicting  their  effect  on 
visual  function  and  for  calculating  longitudinal  changes.  With  the  3-D  imager,  one  can  focus  at  a 
known  site  along  the  optical  axis,  such  as  the  pupil  or  posterior  lens  surface,  and  the  location  of 
the  other  image  planes  can  be  calculated  deterministically. 

Averaging  about  4mm,  the  thickness  of  the  human  lens  along  the  optical  axis  is  between 
3.5mm  and  5.0mm.  Using  the  proposed  design,  we  capture  simultaneously  3  to  5  in-focus  images 
perpendicular  to  the  optical  axis  at  the  center  of  the  lens  and  at  ±  n  mm,  where  n  will  vary  from 
±0.75mm  to  ±2.5mm. 


2  Laboratory  experiments 

The  technical  breakthrough  that  makes  the  3-D  Cataract  Imaging  System  possible  is  the  use  of  a 
distorted  amplitude  grating  that  can  focus  an  optical  sensing  system  at  several  different  planes 
simultaneously  [5],  Light  from  a  white  light  source  illuminates  an  object  volume.  The  light  then 
passes  through  a  focusing  lens  onto  a  distorted  grating  where  the  grating  is  stressed  to  produce  a 
parabolic  shape  with  the  level  of  distortion  being  used  to  determine  the  distance  between  the 
focusing  planes  and  to  correct  for  non-uniformities  within  the  focus  media.  The  orders  generated 
by  the  grating  are  then  reimaged  onto  a  2-D  detector  where  each  order  represents  the  image  at  a 
different  plane  (Figure  1). 

Distorting  AmDlitude 


Figure  1.  Distorted  grating  multiple  imaging  concept.  The  -1,0,  and  +  1  orders  on  the  detector 
represent  images  of  planes  1,2  and  3. 


2. 1  Distorted  Grating  Theory 

A  standard  one-dimensional  diffraction  grating  consists  of  alternate  regularly  spaced  strips  of 
different  transmissivity,  reflectivity  or  optical  thickness.  Each  diffraction  order  contains  the  same 
spatial  information  about  the  object  as  the  zero  order,  though  the  non-zero  orders  are  dispersed  in 
wavelength. 
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If  the  grating  geometry  is  locally  distorted  by  a  displacement  of  the  strips  in  a  direction 
perpendicular  to  their  long  axis,  a  phase  shift  is  introduced  in  the  wavefront  scattered  from  the 
distorted  region.  The  degree  of  phase  shift  is  dependent  on  the  amount  of  local  distortion  of  the 
grating  relative  to  its  undistorted  form.  The  level  of  local  phase  shift  is  related  to  the  distortion  of 
the  grating  through, 

27imA 

d  (l) 

where  d  is  the  grating  period,  m  is  the  diffraction  order  into  which  the  wavefront  is  scattered  and 
A  is  the  distortion  of  the  grating  strips  relative  to  their  undistorted  position,  as  shown  in  Table  1. 


Table  1.  Grating  displacement,  A,  for  phase  shift,  <j>  for  m  ±1  and  ±2. 


Phase  Shift  (<J>)  in  +1  order 

-71 

-71/2 

0 

71/2 

71 

Grating  Displacement  (A) 

-d/2 

-d/4 

0 

d/4 

d/2 

Such  a  distortion  of  the  grating  produces  phase  shifts  of  equal  magnitude  but  opposite  sign  in 
the  wavefronts  scattered  into  +1  and  -1  diffraction  orders  and  leaves  the  unscattered  wavefront  in 
the  zero  order  unaltered.  This  ‘detour-phase’  principle  has  been  used  for  many  years  for  encoding 
computer-generated  holograms  [6], 

In  our  applications  the  diffraction  grating  is  designed  specifically  to  introduce  defocusing 
effects  into  the  diffracted  orders.  A  defocused  optical  system  has  a  phase  shift  which  can  be 
represented  by  a  quadratic  function  of  the  distance  from  the  optical  axis  relative  to  the  Gaussian 
reference  sphere.  The  grating  is  therefore  distorted  as  a  quadratic  function  of  distance  from  the 
optical  axis  of  the  system  according  to, 

A(x,y)=  °yf^-(x2  +  y2) 

Xr2  (2) 

where  A(x,y)  is  a  distortion  in  a  direction  perpendicular  to  the  grating  lines,  x  and  y  are  Cartesian 
co-ordinates,  d  is  the  grating  period,  X  is  the  optical  wavelength,  0W20  is  the  degree  of  defocus 
introduced  into  the  image  formed  in  the  +1  diffraction  order  (0W20SO)  and  r  is  the  radius  of  the 
grating  aperture  which  is  centered  on  the  optical  axis.  oW2o  is  the  wavefront  coefficient  of  defocus 
of  the  grating,  equivalent  to  the  pathlength  difference  introduced  at  the  edge  of  the  aperture 
between,  in  this  case,  the  wavefront  scattered  into  the  +1  diffraction  order  and  the  Gaussian 
reference  surface  for  that  diffraction  order. 

The  phase  change  imposed  on  the  wavefronts  scattered  into  the  various  diffraction  orders  can 
be  calculated  by  combining  the  above  equations  to  give, 

271  /,W  in  ,  9  9  v 

(j)(x,y)  =  m  °  2  20  (x  +y  ) 


(3) 
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This  quadratic  phase  shift,  introduced  by  the  grating,  leads  to  a  different  degree  of  defocus  in 
all  diffraction  orders.  Thus  a  series  of  images  of  the  object  with  different  defocus  conditions  is 
produced  simultaneously  and  side-by-side  on  the  detector  in  the  different  diffraction  orders,  or 
more  usefully,  in-focus  images  of  different  object  planes  are  produced.  The  location  and 
separation  of  the  object  planes  that  are  imaged  depend  on  the  details  of  the  optical  system 
employed  and  the  degree  of  grating  distortion  (0W20). 

2.2  Demonstrated  Capability 

The  technology  has  been  validated  in  laboratory  measurements  and  has  shown  the  ability  to 
image  simultaneous  three  object  planes  separated  by  2.6  cm  onto  one  detector.  A  sample  of  these 
tests  is  shown  in  Figure  2.  In  this  demonstration,  three  different  objects  at  different  image  planes 
were  imaged  simultaneously  onto  one  detector.  The  objects  were  a  pinhole  400pm  in  diameter,  a 
sheet  of  lens  tissue,  and  a  175pm  diameter  wire.  For  this  test  an  amplitude  grating  with  two  waves 
of  quadratic  distortion  was  used. 
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Figure  2.  Laboratory  demonstration  of  the  ability  of  a  distorted  grating  to  image  multiple  object  planes  at 
one  time.  Note  that  although  the  objects  were  small,  the  recovered  image  retains  all  the  relevant  features. 
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2.3  Laboratory  Proof  of  Principle  Experiment 

In  the  first  laboratory  experiments  the  test  article  will  be  a  simulated  human  lens  using  two  optical 
configurations.  The  first  configuration  validates  the  ability  of  the  distorted  grating  to  image 
multiple  planes  with  separations  similar  to  those  found  in  the  lens  using  a  setup  similar  to  that 
shown  in  Figure  3. 

The  imaging  detector  is  a  1024  X  1024  pixel,  12-bit  CCD  camera,  (SMD  1M60).  The  test 
demonstrates  the  application  in  simulated  human  lenses  to  produce  volumetric  images  of  lens 
opacities.  Measurements  will  be  performed  to  document  the  performance  of  the  grating 
technology  as  illustrated  in  Figure  3.  The  test  articles  will  have  spatial  resolution  etchings  that 
will  allow  one  to  calculate  the  spatial  resolution  of  the  system  at  each  focus  plane.  Contrast 
sensitivity  measurements  will  quantify  the  limits  of  the  system  to  measure  the  earlier  stages  of 
lens  opacities. 


AdjustableAperature 


Figure  3.  Simulated  slit  lamp  optical  layout. 


2.4  Simulated  Lenses 

A  set  of  simulated  lens  is  fabricated  to  have  different  fiducial  markings  at  the  center  and  ±  n  mm 
from  the  center,  n  being  the  distance  along  the  optical  axis  where  a  defect  is  introduced.  Typical 
values  for  n  are  between  ±0.75  mm  and  +1.25  mm.  For  convenience,  the  test  article  is  made 
using  three  off-the-shelf  lenses  with  a  combined  magnifying  power  similar  to  the  human  lens. 
The  lenses  is  appropriately  cut,  ground,  marked,  polished,  and  reassembled  into  a  single  lens, 
Figure  4.  As  noted  in  Figure  4,  each  of  the  object  planes  have  a  different  fiducial  orientation.  The 
line  thickness  and  spacing  allows  the  resolution  of  the  system  to  be  verified  for  each  image  plane 
within  the  lens. 
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2.5  Slit  Lamp  System  Tests 

The  second  measurements  use  an  optical  configuration  which  is  consistent  with  in  vivo 
measurements  of  the  human  lens  uisng  a  slit  lamp  instrument.  The  major  difference  is  in  the  way 
the  object  planes  are  imaged.  In  this  arrangement,  the  imaging  will  be  accomplished  using  an  off 
axis  observation,  Figure  3,  similar  to  a  slit  lamp. 


3  Conclusions 

In  this  paper  a  new  instmment  and  associated  diagnostic  system  for  volumetric,  in  vivo  imaging 
of  the  human  lens  and  visual  acuity  characterization  are  described.  The  system  allows  one  to 
capture  simultaneous,  in-focus  images  of  the  human  lens  at  multiple  planes.  The  intent  of  the 
instmment  is  to  improve  current  techniques  for  imaging  cortical,  nuclear  and  posterior 
subcapsular  cataracts.  The  system  characterizes  the  human  lens  optically  and  offers  the 
opportunity  to  automatically  produce  an  estimate  of  visual  function  as  affected  by  the  measured 
abnormalities  in  the  lens. 
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We  evaluated  the  potential  of  using  a  liquid  crystal  spatial  light  modulator  with  127 
elements  in  an  hexagonal  array  to  correct  focussing  errors  of  the  human  eye.  Refractive 
errors  were  induced  by  placing  ophthalmic  lenses  of  known  power  in  front  of  the  eye.  A 
HEX-127  (Meadowlark,  Inc.)  spatial  light  modulator  (SLM)  was  imaged  in  the  entrance 
pupil  of  the  eye  and  programmed  to  generate  refractive  power  of  the  same  magnitude  as 
the  ophthalmic  lens  but  of  the  opposite  sign.  When  the  induced  error  was  no  greater  than 
1.5  diopters,  the  SLM  satisfactorily  corrected  the  induced  error  and  the  measured  visual 
acuity  was  comparable  to  that  when  no  refractive  errors  were  present.  Computations 
indicated  that  the  SLM  failed  to  correct  refractive  errors  greater  than  1.5  diopters  because 
insufficient  density  of  control  cells  under-sampled  the  desired  wavefront.  Consequently, 
the  SLM  diffracted  significant  amounts  of  energy  into  the  higher  orders,  resulting  in  a 
multi-modal  point  spread  function.  The  net  effect  was  multiple  duplication  of  the  visual 
target  in  the  retinal  image  with  the  overlapping  of  the  duplicates  leading  to  deterioration  of 
visual  acuity. 


1  Introduction 

Spatial  light  modulators  (SLMs)  fabricated  from  liquid  crystals  have  the 
potential  to  correct  defocus,  astigmatism,  and  higher  order  aberrations  of  human 
eyes.  The  advantages  of  liquid  crystal  SLMs  for  ophthalmic  applications  include 
low  cost,  reliability,  compactness,  low  power  consumption,  ease  of  control,  and 
the  ability  to  function  in  transmission  mode.^  The  disadvantages  of  currently 
available  devices  include  low  spatial  density  of  control  cells  and  the  need  for 
polarized  monochromatic  light,  although  reflection-mode  devices  are  less  hampered 
by  these  factors.2’ 4  Previous  experiments  have  demonstrated  that  a  liquid-crystal 
SLM  may  be  used  successfully  to  correct  small  amounts  of  prismatic,  focus  and 
astigmatic  errors  of  the  eye6  as  well  as  higher  order  aberrations.7  The  emphasis  cf 
those  experiments  was  on  optical  assessment  of  the  SLM  when  used  in 
conjunction  with  an  eye.  Here  we  evaluate  the  effectiveness  of  those  corrections  for 
improving  visual  performance. 
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2  Methods 

The  SLM  used  in  this  study  is  the  Hex- 127  model  by  Meadowlark,  Inc. 
which  contains  127  cells  in  an  hexagonal  array.  The  edge-to-edge  distance  of  each 
cell  is  1mm,  with  a  gap  of  0.036mm  in  between  cells,  which  results  in  a  fill  factor 
of  93%.  The  cells  are  confined  to  a  circular  area  12mm  in  diameter.  The 
manufacturer's  calibration  of  retardance  as  a  function  of  applied  voltage,  obtained  at 
650  nm,  was  assumed  to  apply  at  our  test  wavelength  of  580  nm.  At  this  test 
wavelength  the  maximum  change  of  retardance  was  1  wavelength,  which  allowed 
us  to  utilize  phase  wrapping  to  implement  modulo  2n  wavefront  shaping.3  The 
purpose  of  wavefront  shaping  was  to  mimic  the  focusing  behavior  of  ophthalmic 
lenses.  In  ophthalmic  optics  the  diopter  is  the  traditional  unit  of  refractive  power, 
which  is  defined  the  inverse  of  focal  length  in  meters.  Dioptric  power  is  related  to 
wavefront  error  by  the  formula^ 

W(r)  =  |r2  (1) 

where  D  is  the  power  of  the  lens  in  diopters,  r  is  the  radius  of  the  aperture 
delineating  the  wavefront  in  mm,  and  W  is  the  retardance  in  pm.  For  example,  to 
mimic  a  +1  diopter  lens  across  a  3  mm  pupil  would  require  1.125  pm  of  wavefront 
retardance  at  the  pupil  center  compared  to  pupil  margin. 

The  experimental  apparatus  is  shown  in  Fig.  1 .  The  observer  viewed  a  Bailey 
Lovie  eye  chart1  that  was  projected  on  a  screen  with  a  high-intensity  projection 
monitor  (Proxima  5900).  A  lens  collimated  light  from  the  screen  for  transmission 
through  an  interference  filter,  a  polarizing  filter,  the  SLM,  and  a  12  mm  diameter 
aperture  to  mask  the  active  area  in  the  SLM.  A  pair  of  relay  lenses  imaged  the 
SLM  in  the  eye’s  pupil  plane  with  a  magnification  factor  of  0.25.  This  reduced 
the  image  of  the  SLM  formed  in  the  eye's  entrance  pupil  to  3mm  in  diameter. 


Figure  1 .  Schematic  diagram  of  experimental  apparatus. 
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Ophthalmic  lenses  were  placed  immediately  in  front  of  the  eye  to  optimally  correct 
focus  and  astigmatic  refractive  errors.  In  Experiment  #1,  the  same  refractive  error 
was  induced  with  either  the  SLM  or  an  additional  ophthalmic  lens  so  their  effects 
on  visual  acuity  could  be  compared.  In  Experiment  #2  the  power  of  the  SLM  was 
of  equal  magnitude  but  opposite  sign  to  that  of  the  added  ophthalmic  lens.  The 
observer's  task  was  to  read  the  letters  of  the  eye  chart,  which  were  calibrated  in 
terms  of  their  angular  subtense  measured  from  the  center  of  the  eye's  pupil.  Target 
luminance  as  seen  by  the  observer  was  20  cd/m2. 


3  Results 

The  results  of  Experiment  #1,  shown  in  Fig.  2,  indicate  that  visual  acuity 
declines  as  a  result  of  induced  refractive  error  by  about  the  same  amount  regardless 
of  the  source  of  the  error.  Although  the  absolute  levels  of  acuity  achieved  by  the 
two  observers  were  slightly  different,  the  level  of  visual  performance  that  could  be 
achieved  when  viewing  through  a  blurring  lens  was  nearly  the  same  as  when 
viewing  through  an  SLM  programmed  to  deliver  the  same  amount  of  defocus. 


Figure  2.  Effect  on  visual  acuity  of  refractive  error 
induced  by  SLM  or  lens. 
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Figure  3.  Effect  on  visual  acuity  of  residual  refractive 
error  following  correction  by  SLM. 

The  results  of  Experiment  #2,  shown  in  Fig.  3,  indicate  that  the  SLM 
effectively  neutralizes  the  refractive  error  induced  by  the  ophthalmic  lens  provided 
that  the  lens  power  is  no  larger  than  1.5  diopters.  For  both  subjects  acuity 
remained  near  the  normal  level  of  20/20  (6/6  metric)  when  the  refractive  error 
induced  by  the  ophthalmic  lens  was  corrected  by  the  SLM.  However,  when  the 
induced  refractive  error  exceeded  1.5  diopters,  acuity  fell  rapidly. 


4  Discussion 

To  investigate  the  probable  cause  of  the  decline  in  visual  acuity  that  occurs  fcr 
larger  refractive  errors,  we  measured  the  point  spread  function  (PSF)  of  the  system 
by  replacing  the  observer's  eye  with  a  model  eye  consisting  of  a  video  camera  with 
a  high  quality  photographic  lens.  The  eye  chart  was  replaced  by  a  point  source  of 
light  placed  at  the  focal  point  of  a  collimating  lens.  This  point  source  was  the 
25  pm  pinhole  of  a  conventional  spatial  filter  illuminated  by  580  nm  light  from  a 
monochromator.  As  in  the  previous  experiments,  an  ophthalmic  lens  was  used  to 
induce  a  refractive  error  in  the  model  eye  and  this  error  was  corrected  by  the  SLM. 
The  recorded  image  of  the  pinhole  for  a  series  of  induced  refractive  errors  is  shown 
in  Fig.  4.  Also  shown  are  computer  simulations  of  the  SLM  when  programmed  to 
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correct  the  induced  error.  These  results  show  that  when  the  SLM  is  programmed 
to  produce  larger  amounts  of  focusing  power  the  PSF  becomes  multi-modal  as 
more  energy  is  diffracted  into  the  higher  orders.  These  effects  may  be  traced  to 
undersampling  of  the  desired  wavefront  due  to  the  low  spatial  density  of  the  SLM. 


1 .5  D  2.0  D 


Figure  4.  Point  spread  functions  of  model  eye  (bottom  row) 
when  refractive  error  is  corrected  by  the  SLM  (upper  row). 

The  effect  of  a  multimodal  PSF  on  the  retinal  image  of  the  eye  chart  is  shown 
in  Fig.  5.  Multiple  copies  of  the  image  are  present,  each  displaced  slightly 
according  to  the  hexagonal  pattern  of  spots  in  the  PSF.  For  low  power  conditions 
the  secondary  images  are  of  low  contrast  and  do  not  interfere  greatly  with  the 
visibility  of  the  primary  image.  However,  as  the  SLM  power  increases  so  does  the 
contrast  of  the  secondary  images  and  eventually  these  overlapping  secondary 
images  have  a  strong  masking  effect  which  severely  limits  visual  performance. 
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Figure  5.  Simulated  retinal  image  of  eye  chart. 
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Spatial  light  modulators  (SLMs)  have  not  yet  provided  diffraction-limited  imaging  through 
the  human  eye’s  ocular  media.  To  guide  future  improvements  in  SLM  designs  that  might 
enable  such  imaging,  we  have  modeled  the  performance  of  hexagonally-  and  square-packed 
configurations  of  segmented  SLMs  in  conjunction  with  measured  wave  aberration  data  of 
normal  human  eyes.  The  model  included  the  effects  of  pupil  size,  number  and  arrangement  of 
actuators,  and  mono-  and  poly-chromatic  light.  Results  indicate  that  diffraction-limited 
performance  should  be  attainable  for  medium  sized  pupils  with  existing,  commercial  SLMs. 

The  required  segment  density  was  found  to  be  substantially  higher  at  the  pupil’s  edge  than  at 
its  center.  In  polychromatic  light,  SLM  performance  at  large  pupil  sizes  was  found  to  be 
limited  more  by  phase  wrapping  than  material  dispersion  of  the  corrector.  Both,  however, 
were  substantially  less  degrading  than  the  naturally  occurring  longitudinal  chromatic 
aberration  of  the  human  eye. 


1  Introduction 

Recently,  adaptive  optics[l]  has  been  used  to  correct  the  wave  aberrations  of  the 
living  human  eye.  The  first  attempt  employed  a  13-actuator  segmented  mirror[2]. 
Correction  was  limited  to  the  astigmatism  in  one  subject’s  eye,  based  on  a 
conventional  prescription.  Correction  to  higher-order  aberrations  was  first  realized 
with  a  37-actuator  deformable  mirror  coupled  to  a  Hartmann-Shack  wavefront 
sensor[3].  Liquid  crystal  spatial  light  modulators  (LC-SLMs)  have  also  been 
investigated  for  correction  of  prism,  defocus  and  astigmatism[4],  as  well  as  the  full 
wave  aberrations  of  the  eye[5].  Membrane  mirrors  are  just  beginning  to  be 
explored[6].  None  of  these  corrector  devices,  however,  have  yet  to  provide 
diffraction-limited  imaging  in  the  human  eye  for  large  pupils.  More  over,  the 
characteristics  of  the  correcting  device,  such  as  actuator  number,  that  are  required  to 
achieve  diffraction-limited  imaging  have  not  been  determined.  This  precludes 
optimally  matching  corrector  performance  and  cost  to  that  required  of  a  particular 
imaging  task  in  the  eye.  In  addition,  lack  of  corrector  requirements  has  stymied 
improvements  in  corrector  design  that  could  enable  diffraction-limited  imaging.  To 
address  this  problem  for  segmented  SLMs,  we  have  modeled  the  SLMs’ 
performance  in  conjunction  with  measured  wave  aberration  data  of  normal  human 
eyes. 
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2  Methods 

At  present,  no  analytic  model  exists  for  characterizing  the  impact  of  ocular 
aberrations  on  image  quality.  This  is  unlike  the  situation  for  imaging  through 
atmospheric  turbulence,  which  has  well  developed  theoretical  models  that  are 
rooted  in  the  fundamental  mechanisms  of  turbulence.  Without  such  models 
available,  our  approach  was  to  simulate  the  imaging  process  through  the  eye  and 
SLM  using  measured  wave  aberration  data  of  normal  human  eyes  in  conjunction 
with  an  optical  model  for  segmented  SLMs.  The  simulation  included  the  effects  of 
pupil  size  D  (0  to  8  mm);  facet  number  (0  to  72  facets  across  pupil  diameter); 
actuator  arrangement  (hexagonally-  and  square-packing);  and  mono-  and  poly¬ 
chromatic  light  (0.4  to  1.0  pm).  The  test  object  for  the  simulation  was  taken  to  be  a 
point  source,  and  the  Strehl  ratio  was  used  as  the  figure  of  merit.  The  Strehl  ratio  is 
defined  as  the  ratio  of  the  light  intensity  at  the  peak  of  the  diffraction  pattern  of  an 
aberrated  image  to  that  at  the  peak  of  an  aberration-free  image.  Generally,  an  optical 
system  is  considered  to  be  diffraction-limited  if  it  has  a  Strehl  ratio  >  0.8. 

A  Hartmann-Shack  wavefront  sensor  using  a  632.8  nm  HeNe  laser  measured 
the  local  wavefront  slopes  at  177  locations  across  a  6  mm  pupil  in  12  subjects  with 
spectacle  correction  in  place.  The  lowest  66  Zemike  modes  of  the  wave  aberration 
were  reconstructed  from  the  slope  measurements.  All  subjects  had  normal  corrected 
vision  and  ranged  from  12  to  50  years  of  age.  The  subjects’  line  of  sight  was 
centered  along  the  optical  axis  of  the  sensor  with  the  aid  of  a  dental  impression 
attached  to  an  x-y-z  translation  stage,  which  held  the  subject’s  head  fixed.  The 
subject  fixated  on  a  white-light  target.  No  topical  drugs  were  administered. 
Measurements  typically  consisted  of  illuminating  the  eye  for  0.2  seconds  with  a 
total  exposure  energy  of  2  pjoules,  which  is  about  200  times  below  the  ANSI 
maximum  permissible  exposure[7]. 

The  SLM  model  was  designed  to  be  representative  of  both  reflective  and 
transmissive  devices,  such  as  segmented  micromirrors  and  LC  arrays,  respectively. 
The  model  consisted  of  a  two-dimensional  array  of  segmented  facets  with  each  facet 
restricted  to  modulating  only  the  piston  component  of  the  local  wavefront.  Facet 
inter-spacing  was  rs.  The  facets  completely  covered  the  circular  pupil  of  the  imaging 
system  and  provided  a  100%  fill  factor  (i.e.  no  gaps  between  adjacent  facets).  Facet 
number  was  specified  by  the  number  of  facets  across  the  pupil  diameter,  D/rs.  The 
phase  profile  of  the  SLM,  for  correcting  a  specific  aberrated  wavefront,  was 
determined  by  setting  the  phase  of  each  facet  to  minus  the  average  wavefront  phase 
incident  on  the  facet[8]. 

To  evaluate  SLM  performance  in  polychromatic  light,  the  simulation  included 
the  effects  of  material  dispersion  and  phase  wrapping  in  the  SLM,  and  the 
longitudinal  chromatic  aberration  (LCA)  of  the  eye.  Transverse  chromatic 
aberration  was  assumed  negligible  as  alignment  was  taken  to  be  along  the  eye’s 
visual  axis. 
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3  Aberration  correction  in  monochromatic  light 

Figure  2  shows  the  corrected  Strehl  for  hexagonally-  and  square-packed  SLM  arrays 
as  a  function  of  D/rs  for  a  6  mm  pupil  and  0.6  pm  wavelength.  All  four  curves  are  of 
similar  shape.  The  Strehl  rises  sharply  at  low  facet  numbers  (D/rs  <  12)  followed  by 
a  gradual  rise  converging  to  one  at  larger  values.  The  figure  shows  the  pronounced 
debilitating  effect  of  the  residual  astigmatism  and  defocus,  left  uncorrected  by  trial 
lenses.  Average  values  for  defocus  and  astigmatism  across  the  12  subjects  were  0.09 
and  0.15  diopters,  respectively.  A  corrected  Strehl  of  0.8  required  four  times  more 
facets  with  astigmatism  and  defocus  present  than  without.  For  a  Strehl  of  0.8,  D/rs  is 
predicted  to  be  slightly  higher  for  the  square  configuration  (21.7  and  49.2  square 
facets  versus  20.1  and  45.0  hexagonal  facets  for  the  two  astigmatic  and  defocus 
cases).  This  is  not  unexpected  as  facet  density  is  lower  for  the  square  array  for  the 
same  D/rs  value.  The  total  number  of  facets  across  the  whole  pupil,  however,  is 
found  to  be  essentially  the  same  for  the  two  configurations  (440  and  1,860  hex 
facets  compared  to  460  and  1,890  square  facets).  This  is  in  agreement  with  the 
general  rule  that  wavefront  correction  is  primarily  determined  by  the  total  degrees 
of  freedom  of  the  SLM  with  other  factors,  such  as  facet  arrangement,  playing  a 
secondary  role. 


Figure  2.  Corrected  Strehl  ratio  for  (solid)  hexagonally-  and  (dashed)  square-packed  SLM  configurations 
as  a  function  of  facet  number.  Pupil  diameter  and  X  were  set  to  6  mm  and  0.6  pm,  respectively.  Top  two 
curves  have  defocus  and  astigmatism  removed.  Bottom  two  curves  contain  the  residual  amount  of 
defocus  and  astigmatism  uncorrected  by  trial  lenses.  Error  bars  represent  ±1  standard  deviation  across  the 

12  subjects. 
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Pupil  size  and  wavelength  are  two  key  parameters  that  can  strongly  influence  SLM 
performance.  To  guide  the  design  of  SLMs  for  use  with  the  eye  at  various  pupil 
sizes  and  wavelengths,  simulations  were  conducted  to  predict  SLM  performance 
along  two  orthogonal  axes  in  D-A  space.  The  two  axes  chosen  were  A  =  0.6  pm  and 
D  =  6  mm.  Figure  3  shows  the  number  of  facets  needed  to  achieve  a  corrected 
Strehl  of  0.8  along  these  two  axes.  At  small  to  medium  pupil  diameters  (<  4  mm), 
D/rs  need  not  be  larger  than  15,  which  can  be  realized  with  existing,  commercial 
devices.  Fitting  the  simulation  results  to  a  third-order  polynomial,  allows  D/rs  to  be 
£jjdculated__at__any  pupil  diameter  ranging  from  zero  to  the 


8  0.4  0.6  0.8  1.0 


Pupil  diameter,  mm _ Wavelength,  jim 


Figure  3.  Number  of  facets  required  to  achieve  diffraction-limited  imaging  (Strehl  =  0.8)  along  two 
orthogonal  axes  in  D-A  space.  The  two  axes  are  (left  plot)  X  =  0.6  pm  and  (right  plot)  0  =  6  mm. 
Simulation  results  were  fit  to  A'6'5  and  third-order  polynomial  functions. 


maximum  physiological  size  of  8  mm.  Interestingly,  the  polynomial  curve  is  not 
linear,  which  it  would  be  for  the  case  of  Kolmogorov  turbulence.  This  implies  that  if 
a  Fried’s  parameter  could  be  developed  for  the  human  eye,  it  would  be  dependent 
on  pupil  position  with  a  larger  Fried’s  parameter  near  the  pupil  center  and 
progressively  smaller  values  at  increasingly  larger  pupil  eccentricities.  This  suggests 
non-uniform  facet  dimensions  with  larger  facets  in  the  middle  and  smaller  at  the 
edge.  The  second  plot  of  Figure  3  shows  the  dependence  of  D/rs  with  wavelength. 
As  expected,  wavefront  correction  at  shorter  wavelengths  requires  more  facets  than 
at  longer  wavelengths  to  achieve  the  same  imaging  performance.  Unexpected  was 
the  close  fit  of  the  required  correction  to  a  A'6'5  curve,  which  is  the  wavelength 
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dependence  of  D/rs  for  Kolmogorov  turbulence.  A  slightly  better  fit  was  achieved 
with  an  exponential  function. 

It  is  not  known  if  D/rs  for  the  eye  can  be  mathematically  expressed  as  separate 
D  and  X  functions,  i.e.  D/rs  =  Fi(D)*F2(A),  as  is  the  case  for  Kolmogorov 
turbulence.  If  true,  the  fitted  curves  along  the  two  orthogonal  axes  in  Figure  3  could 
be  combined  to  determine  D/rs  for  any  D  and  X  combination.  As  an  initial  attempt  to 
assess  the  legitimacy  of  F!(D)*F2(>i),  we  obtained  estimates  of  D/rs  using  both  the 
simulation  and  Fi(D)*F2(A)  expression  for  several  D  and  X  combinations.  None  of 
the  D-X  combinations  coincided  with  the  D  =  6  mm  or  X  =  0.6  mm  axes.  The 
percent  difference  between  estimates  was  found  to  be  no  greater  than  20%,  lending 
support  for  separate  D  and  X  functions  for  at  least  the  D-X  combinations  considered 
here. 


4  Aberration  correction  in  polychromatic  light 

Material  dispersion  and  phase  wrapping  are  the  two  primary  characteristics  of 
SLMs  that  reduce  SLM  performance  in  polychromatic  light.  The  induced  dispersion 
in  liquid  crystal  arrays  is  that  of  the  liquid  crystal  material  itself.  The  most 
commonly  used  liquid  crystal  material  in  LC-SLMs  is  E-7  and  was  therefore  chosen 
as  the  representative  material  in  the  simulation.  Mirror  correctors  have  no  dispersion 
-  an  advantage  of  these  devices.  Phase  wrapping  was  restricted  to  modulo  2n  as  it  is 
often  required  in  commercial  SLMs.  It  also  provides  the  worst-case  scenario  as  2n 
wrapping  represents  the  smallest  phase  retardation  that  still  allows  full  correction  at 
the  design  wavelength. 

Figure  4  shows  the  performance  of  four  types  of  SLMs  used  to  correct  the  wave 
aberrations  of  the  12  subjects.  The  corrector  types  correspond  to  the  four  possible 
combinations  of  dispersion  and  phase  wrapping.  The  effect  of  facet  number  was 
eliminated  by  reducing  facet  size  to  a  single  pixel.  As  shown  in  Figure  4,  perfect 
correction  occurred  for  the  SLM  type  having  no  phase  wrapping  and  no  dispersion. 
An  example  would  be  a  segmented  mirror  with  actuator  stroke  greater  than  the 
peak-to- valley  of  all  12  aberrated  wavefronts.  Introducing  the  liquid  crystal  material 
E-7  caused  the  corrected  Strehl  to  fall  sharply  at  wavelengths  below  0.55  microns. 
A  gradual  monotonic  decrease  occurred  at  longer  wavelengths.  2n  phase  wrapping 
present  in  the  final  two  corrector  types  was  found  to  be  the  clear  limiting  factor  that 
restricted  spectral  range,  reducing  the  full  width  at  half  height  (FWHH)  of  the 
corrected  Strehl  to  about  125  nm.  However,  this  restriction  is  only  important  if  the 
spectral  performance  of  the  human  eye  is  wider.  The  solid  curve  in  Figure  7  reflects 
the  performance  of  the  diffraction-limited  eye  corrupted  only  by  the  typical  amount 
of  LCA.  The  FWHH  of  this  curve  is  only  20  nm,  five  times  less  than  that  of  a 
phase-wrapped  SLM. 
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Figure  4.  SLM  performance  in  polychromatic  light.  The  dashed  curves  represent  the  performance  of 
SLM  types  that  correspond  to  the  four  possible  combinations  of  dispersion  and  phase  wrapping. 
Dispersion  was  that  of  the  liquid  crystal  material  E-7.  Phase  wrapping  was  modulo  2 71.  The  design 
wavelength  was  0.6  pm  and  the  pupil  size  6  mm.  The  solid  curve  is  the  performance  of  the  diffraction- 
limited  eye  corrupted  only  by  longitudinal  chromatic  aberration. 
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An  optical  system  used  to  measure  aberrations  in  human  eyes  is  proposed. 
A  monochromatic  light  spot  illuminates  the  retina  and  a  Shack-Hartmann 
wave-front  sensor  analyses  the  backscattered  light.  The  wave-front  analysis 
is  based  on  a  modal  wavefront  estimation,  using  the  Zemike  polynomials. 
An  adjustable  diaphragm  allows  to  change  the  diameter  of  the  incoming 
probe-beam.  With  this  experiment,  it  is  shown  that  one  can  obtain  in  vivo  a 
relatively  repeatable  measurement  of  the  astigmatism  and  defocus  of  the 
eye. 


1  Introduction 

The  possibility  of  measuring  the  eye’s  aberrations  opens  up  many  ways  in 
physiological  optics:  for  instance,  the  study  of  the  objective  improvement  of  vision 
after  refractive  surgery.  However,  our  work  is  in  keeping  with  a  more  general  plan: 
high-resolution  imaging  of  the  retina  by  using  adaptive  optics.  Before  correcting  the 
eye’s  aberrations,  it  seems  to  be  interesting,  if  not  necessary,  to  measure  them 
correctly,  which  is  the  aim  of  the  present  paper.  An  autorefracto-keratometer  is  used 
to  validate  Shack-Hartmann  (SH)  measurements  with  two  different  sizes  of  beam. 


2  Experimental  setup 

We  illuminate  the  retina  with  a  monochromatic  light  spot,  and  analyse  the 
backscattered  light  with  a  SH  wavefront  sensor  using  a  Zemike  polynomial 
decomposition,  in  order  to  derive  the  overall  aberrations  of  the  eye.  The  following 
figure  shows  the  experimental  setup.  The  exit  pupil  of  the  eye  is  conjugated  with  the 
array  of  microlenses.  The  laser  beam  (632.8  nm)  is  spatially  filtered  and  expanded 
into  a  plane  wave.  An  iris  is  used  to  control  the  size  of  the  illuminated  pupil.  The 
parallel  beam  is  brought  to  focus  on  the  retina.  To  stabilize  both  the  eye  orientation 
and  accommodation,  a  target  at  infinity  can  be  provided  to  the  patient  through  a 
point  source  at  lens  L2  focus.  The  backscattered  light  forms  a  distorted  wavefront  at 
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the  eye’s  exit.  The  incoming  light  is  linearly  polarized  and  a  beamsplitter  cube 
keeps  only  the  backscattered  perpendicular  polarization.  A  final  analyser  rejects  any 
additional  scattered  light.  The  SH  pattern  is  received  by  a  high-sensitivity  CCD 
camera  ( Hi-SIS22)  with  12  electrons  rms  read-out-noise. 


OPTICAL  DESIGN 

The  wave  front  analysis  is  based  on  a  modal  wave  front  estimation.  The  normal 
difference  to  the  perfect  wave  is  assumed  to  be  expressed  by  :  Ah  =  •  Zi  (1), 

i 

where  Z(  is  the  i*  Zemike  polynomial,  ai  is  the  i'h  Zemike  coefficient.  The 
variation  of  Ah  along  x  and  y  gives  us  the  local  angles  6X  and  6y  : 
tan (0  )  *  q  =  &Kx  +  dx,y)-Ah(x,y)  =  6(Ah) 

dx 


ox 
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In  the  focal  plane  of  each  microlens  m,  we  observe  a  mean  shift  of  the  light 
spots  center  of  gravity: 

K  =  /■(»,). =/  '%)  and  =  f  %) 


f  is  the  micro-lenses’  focal  length. 

After  some  mathematical  developments,  we  obtain  : 

[<5]=  /  [AZ]-[a]  (1) 

with 
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By  inversion  of  the  relation  (1)  (svd  method),  we  get  the  Zernike  a,  coefficients 
which  characterize  the  different  aberrations  : 

[a]  =  j-[AZ]  [S]  (2) 

The  software  we  developed  calculates  the  matrix  [AZ],  and  from  the  measurements 
of  the  spots  shifts  on  the  CCD  ( matrix  [£] ),  we  obtain  [a]. 

In  order  to  recover  exclusively  the  Zernike  coefficients  corresponding  to  the  eye’s 
aberrations,  we  have  to  subtract  the  aberrations  introduced  by  the  optical 
components  of  the  setup  :  to  do  so,  we  put  a  flat  mirror  in  the  eye’s  place  and 
evaluate  the  Zernike  coefficients  derived  from  the  so  acquired  Shack-Hartmann 
picture. 

Three  almost  emmetropic  eyes  were  assessed:  K.N.  31  years  old,  D.  F.  31  years  old, 
I.N.  28  years  old. 

We  did  the  experiments  in  a  dark  room.  The  pupils  of  the  subjects  were  dilated  with 
Tropicanamide®  (2  drops  in  each  eye),  so  their  accomodation  was  partially  inhibited 
and  the  resulting  pupil  diameter  was  about  8  mm.  The  maximum  power  reaching  the 
eye  was  1  pW. 
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In  the  first  series  of  experiments,  the  diameter  of  the  laser  beam  entering  the  eye 
was  8  mm  (  so  called  double  pass  procedure,  DP).  The  acquisition  time  of  the 
picture  on  the  CCD  was  about  400  ms. 

In  the  second  series,  the  diameter  of  the  beam  was  1  mm  (so  called  simple  pass, 
SP),  and  the  acquisition  time  was  1  s. 


3  Results 

We  obtained  the  8  first  Zemike  coefficients  for  each  eye.  Since  the  coefficients  a.] 
and  a2  represent  the  overall  tilt  of  the  wavefront,  they  are  of  no  importance  to  the 
optical  performance  and  can  be  ignored.  We  further  derived  the  values  of  defocus 
and  astigmatism  in  diopters  (dt)  and  compared  them  with  the  clinical  refraction 
correction  determined  on  the  same  subject  for  small  pupil  size  with  an  autorefracto- 
keratometer  (A.R.K.).  The  results  are  shown  in  the  following  tables  : 

Table  1.  Comparison  of  defocus  and  astigmatism  fSH  and  A.R.K.) 


K.N. 

SH 

A.R.K. 

RE  ( Ri 

ght  eye) 

LE  ( Left  eye) 

RE 

LE 

DP 

SP 

DP 
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0.15 

0.3 
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0 
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I.N.  1 

SH 

A.R.K.  I 

RE 

LE 

RE 

DP 

SP 

Defoe 

0.50 

0.35 

0.40 

<0.10 

NB  :  each  value  is  the  average  of  results  derived  from  4  samples. 


Two  typical  Shack-Hartmann  patterns  obtained 


Right  eye  in  DP  Right  eye  in  SP 

for  subject  D.F.  for  subject  D.F. 


4  Discussion 

In  the  first  table,  the  good  agreement  between  the  three  sets  of  values  for 
astigmatism  seems  to  demonstrate  a  satisfactory  behavior  for  the  whole  procedure. 
Our  results  are  in  accordance  with  those  of  Liang  [1]  with  the  following  exceptions  : 
-The  repeatability  in  our  experiments  is  worse.  It  is  probably  due  to  the  fact  that 
their  images  were  preprocessed  before  being  analysed. 

-Liang  and  al  used  5  Zemike  polynomials  to  split  the  wave  aberration,  whereas  we 
use  8. 

The  autorefractokeratometer  seems  to  be  less  sensitive  than  the  Shack-Hartmann 
wavefront  sensor  in  the  evaluation  of  astigmatism.  The  values  of  defocus  are  similar 
with  both  instruments  but  are  always  a  bit  smaller  for  the  Shack-Hartmann.  An 
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offset  of  about  0,3  diopters  exists  between  the  derived  defocus  and  the  clinical  one. 
It  could  be  due  to  a  slight  misfit  between  the  physical  size  of  the  lenslet  array  and 
the  size  assumed  in  the  software  (which  requires  an  integer  truncation). 

In  the  third  table,  we  note  that  the  differences  between  simple  and  double  pass 
are  the  lowest  for  defocus.  For  this  aberration  (Z3),  the  ratio  SP  coefficient  /DP 
coefficient  is  between  0.15  to  1.68  (with  a  bad  value  of -55.5).  This  fact  shows  that 
the  difference  between  simple  and  double  pass  procedure  for  the  estimation  of  the 
defocus  coefficient  is  quite  small. 

If  the  retina  were  behaving  like  a  mirror,  most  of  the  8  first  Zemike  coefficients 
would  be  cancelled  in  the  two  passes  (as  mentioned  by  Liang).  In  practice,  it  is  not 
true:  the  coma  coefficient  especially  is  even  varying  a  lot.  This  is  probably  due  to 
difficulties  in  properly  centering  the  eye  (centering  problems  generate  coma),  and  to 
the  irregular  and  granular  structure  of  the  fundus  of  the  eye  (a  phase  structure 
information  could  add  up  to  the  phase  aberration  information). 

The  similar  diameter  of  the  spots  in  both  series  of  experiments  (SP  and  DP) 
proves  that  the  limiting  constraint  is  not  the  diffraction  but  the  statical  aberrations 
and  the  inhomogeneities  of  the  eye.  J.C.  He  and  al  introduce  their  article  by 
mentioning  the  same  remark  [2]. 

The  correct  display  of  the  signal  (spots)  shows  that  the  power  entering  the 
eyes  is  high  enough  for  good  signal-to-noise  ratio  and  all  lenslets  are  illuminated 
(9x9  pattern).  However,  some  characteristics  of  the  SH  pictures  restrict  the 
conclusions  that  can  be  drawn  from  those  first  series  of  experiments.  From  now  on, 
we  have  to  determine  which  elements  can  be  improved  and  which  represent  an 
intrinsic  limit  of  the  method. 

-  Individual  sub-pupils  images  present  a  significant  uniform  background,  probably 
due  to  incomplete  rejection  of  cornea  reflection  and/or  scattered  light. 

-  The  illumination  of  the  sub-pupils  is  clearly  inhomogeneous.  This  phenomenon 
appears  clearly  on  the  pictures  obtained  by  the  double  pass  method.  It  could  be 
related  to  the  retina  polarizing  properties  (Haidinger’s  brushes),  or  to  the  surface 
state  at  the  focusing  point  (anisotropic  scattering  pattern),  or  be  a  manifestation  of 
the  Stiles  Crawford  effect. 

The  pupil’s  outline  seems  to  be  very  irregular  and  bright,  especially  in  a  zone 
corresponding  to  the  pupil’s  lower  part ;  this  could  be  due  to  the  lachrymal  river  as 
it  is  located  at  the  same  place. 

5  Future  development 

This  experiment  is  a  first  step  in  the  development  of  a  closed-loop  adaptive  system 
to  image  the  retina,  using  a  CILAS  13-actuators  correcting  mirror.  But  we  have  to 
find  a  way  to  improve  the  repeatability  of  the  measurements,  otherwise  it  will  be 
difficult  to  integrate  the  closed-loop  in  the  current  design. 
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Multi-photon  scanning  confocal  microscopy  with  extremely  short  optical  puls¬ 
es  (lOfs)  requires  reflective  optics,  and  ultimately  requires  control  of  the  spatial 
wavefront  in  order  to  achieve  diffraction-limited  performance.  We  have  demon¬ 
strated  the  use  of  a  deformable  mirror  to  adaptively  optimize  the  focusing  of  a 
lOfs  pulse  in  a  scanning  confocal  microscope.  We  optimize  the  second  harmonic 
generation  or  the  two  photon  fluorescence  signal  from  our  sample  using  a  feedback 
loop  based  on  a  genetic  algorithm.  To  improve  the  speed  of  the  convergence  of  our 
algorithm  we  use  a  Zernike  orthogonal  basis  to  control  the  deformable  mirror. 


1  Introduction 

Two-photon  fluorescence  microscope  has  improved  the  resolution  of  confocal 
microscopy  1,2 .  2D  and  3D  imaging  with  these  systems  are  extensively  used 
for  biological  and  medical  research.  Important  issues  for  those  systems  include 
the  time  needed  to  get  an  image,  and  whether  or  not  it  is  possible  to  scan 
the  sample  in  front  of  the  microscope.  Laser  scanning,  instead  of  sample 
scanning,  allows  a  faster  scanning  speed  and  avoids  moving  the  sample.  The 
laser  scanning  imaging  area  is  also  limited  by  off-axis  aberrations  induced  by 
the  objective.  A  conventional  way  to  correct  for  aberrations  is  the  use  of  plan 
objectives  that  are  specially  designed  for  this  application. 

We  propose  a  setup  that  uses  an  uncorrected  objective  coupled  with  an 
adaptive  optic  system  to  correct  for  off-axis  aberrations.  Taking  advantage 
of  the  latest  development  in  adaptive  optical  materials,  we  use  a  computer 
controlled  deformable  mirror  as  a  wavefront  shaper  for  our  system. 

As  a  demonstration  system,  our  objective  is  a  large  aperture  f:l  parabolic 
mirror  allowing  a  1/rm  pixel  resolution  and  no  chromatic  aberration.  We  have 
experimentally  demonstrated  an  increase  of  the  scanning  area  of  about  10 
times  allowing  an  image  area  of  150x150  lptm  pixels. 
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Figure  1.  The  experimental  setup. 


2  Experimental  setup 

The  experimental  setup  is  sketched  in  Fig.  1.  The  two-photon  excitation 
wavelength  is  800nm.  It  is  provided  by  a  Ti:Sapphire  laser  oscillator  of  lOfs 
duration  and  a  repetition  rate  of  80MHz.  The  beam  is  expanded,  using  a 
telescope  (/i,/2),  to  match  the  size  of  the  deformable  mirror.  It  is  then  ex¬ 
panded  again  to  match  the  25.4mm  diameter  of  the  f:l  parabola.  The  second 
telescope  ( /3,/4 )  is  also  used  for  the  scanning. 

For  this  demonstration  we  have  chosen  a  large  aperture  f:l  parabola  for 
the  objective.  Being  a  mirror,  the  parabola  is  free  of  chromatic  aberration. 
The  parabola  is  also  well  suited  for  femtosecond  pulses  as  it  does  not  affect 
the  chirp  of  the  pulse. 

The  deformable  mirror  is  a  micromachined  silicon  membrane  mirror  with 
37  electrostatic  actuators  3.The  shape  of  the  mirror  is  computer  driven,  using 
a  home-made  Labview  code.  The  deformable  mirror  is  imaged  on  the  parabola 
by  the  telescope,  so  that  the  wavefront  change  introduce  by  the  defor¬ 

mation  of  the  mirror  will  correspond  to  a  wavefront  change  on  the  parabola, 
without  amplitude  modulation.  Then,  the  parabola  focuses  the  pulses  with 
corrected  wavefront  in  the  sample,  allowing  a  diffraction  limited  spot  size. 

3  Adaptive  aberration  correction 

Most  aberration  correction  systems  first  measure  the  wavefront  with  a  wave- 
front  sensor,  then  calculate  the  correction  to  apply  on  the  adaptive  optic.  Our 
system  can  find  the  right  correction  to  apply  on  the  mirror  without  knowing 
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anything  about  the  wavefront  of  the  laser  on  the  parabola. 

The  correction  signal  we  are  using  is  the  two-photon  fluorescence  intensity 
or  the  second  harmonic  intensity  (depending  on  the  sample)  generated  by 
the  sample  at  the  focus  spot  of  the  objective.  We  assume  that  this  signal 
will  increase  with  the  square  of  the  power  density  of  the  laser,  and  that  the 
maximum  power  density  is  achieved  for  a  diffraction  limited  spot  size. 

For  finding  the  appropriate  mirror  shape  out  of  the  two-photon  intensity 
signal  we  use  an  evolutionary  algorithm  (EA) .  These  algorithms  are  often  used 
for  optimization  of  non-linear  systems  with  a  large  number  of  variables  4’5,6. 
The  EA  used  for  our  system  is  a  genetic  algorithm.  A  genetic  algorithm  is 
a  model  of  machine  learning  which  derives  its  behavior  from  a  metaphor  of 
some  of  the  mechanisms  of  evolution  in  nature  6.  This  is  done  by  the  creation 
within  a  system  of  a  population  of  individuals  represented  by  chromosomes. 
The  population  then  goes  through  a  process  of  evolution.  Considering  our 
aberrations  correction  problem,  our  individuals  correspond  to  mirror  shapes. 
And  the  chromosomes  of  each  individual  are  coding  the  position  of  each  ac¬ 
tuator  of  the  mirror.  Each  individual  is  then  composed  of  37  chromosomes. 
The  trial  population  for  our  system  is  composed  of  one  hundred  individuals 
(or  mirror  shape). 

This  population  of  mirror  shapes  corresponds  to  generation  zero  of  the 
evolution  of  the  system.  To  start  the  evolution  process,  we  test  each  indi¬ 
vidual  on  the  system.  The  mirror  shape  corresponding  to  each  individual  is 
applied  to  the  deformable  mirror  and  we  then  measure  the  second  harmonic 
intensity  from  the  sample.  This  signal  gives  the  fitness  of  each  individual  of 
the  population.  We  then  select  the  ten  best  individuals  of  this  population 
according  to  there  fitness.  Those  chosen  ones  become  the  parents  of  the  next 
generation. 

The  next  generation  is  obtained  by  randomly  crossing  the  chromosomes 
of  the  parents  to  create  a  new  population  of  one  hundred  individuals.  Every 
individual  in  this  generation  looks  like  its  parents  and  allows  the  convergence 
to  the  optimum  individual  or  mirror  shape  that  will  correct  all  aberrations 
in  the  system.  To  introduce  some  diversity  in  the  system,  all  children  have 
a  small  probability  to  mutate.  A  mutation  is  a  random  chromosome  change. 
This  is  a  way,  for  the  population,  to  avoid  local  solution  to  the  problem  by 
randomly  exploring  the  space  of  the  system.  This  generation  is  then  tested 
on  the  system,  ten  best  individuals  are  selected,  that  will  become  the  parents 
of  the  next  generation. 

This  algorithm  allows  our  system  to  find  a  wavefront  correction  that  will 
give  a  diffraction  limited  spot  size  for  each  scanning  position.  It  takes  a 
maximum  of  fifteen  generations  for  the  algorithm  to  converge  to  a  solution, 
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Figure  2.  Genetic  algorithm  improvement  of  the  average  fitness  function  with  generations 
for  two  different  populations.  The  first  population  is  composed  of  100  individuals  with 
deformable  mirror  actuators  chromosomes.  The  second  is  composed  of  the  same  number  of 
individuals  with  Zernike  polynomials  amplitude  chromosomes. 


and  it  takes  three  minutes  for  the  system  to  go  through  those  generations; 
this  time  is  determined  by  the  lps  response  time  of  the  deformable  mirror. 

To  speed-up  the  process,  we  have  reduced  the  size  of  the  chromosome 
basis.  Even  if  the  37-actuators  basis  seems  logical  for  our  system,  we  still 
have  to  remember  that  the  system  is  dealing  with  wavefront  aberrations,  and 
that  an  optimized  basis  exist  to  describe  those  aberrations.  The  Zernike 
polynomials  are  the  most  reliable  way  to  describe  wavefront  aberrations  and 
there  properties  are  well  suited  to  our  problem  7 .  The  Zernike  polynomials 
describes  aberrations  in  a  disk  surface  that  can  be  the  one  of  the  deformable 
mirror  or  the  aperture  of  the  parabola.  The  Zernike  polynomials  define  an 
orthogonal  basis  for  aberrations  within  that  disk.  This  orthogonality  property 
means  that  each  polynomial  of  the  basis  is  not  coupled  with  the  other,  ‘  and 
when  one  use  N  polynomials  it  defines  a  true  N  dimension  basis. 
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We  now  consider  that  the  chromosomes  of  each  individual  in  our  system 
represent  a  Zernike  polynomial  amplitude,  instead  of  an  actuator  position. 
According  to  the  maximum  spatial  frequency  that  can  be  reproduced  on  the 
mirror,  we  have  limited  our  Zernike  polynomial  basis  to  the  four  first  orders 
of  polynomials  (except  the  zero  order  corresponding  to  the  piston).  Conse¬ 
quently,  the  corresponding  basis  is  a  true  fourteen  dimensional  basis.  The 
chromosome  basis  has  changed  from  a  non-orthogonal  thirty  seven  dimension 
basis  to  an  orthogonal  fourteen  dimension  basis.  Having  fewer  chromosomes 
to  deal  with,  and  having  no  coupling  between  them,  makes  the  job  easier  for 
the  genetic  algorithm  and  we  have  speeded-up  the  correction  time  to  less  than 
a  minute,  or  five  generations  as  shown  on  Fig.  2. 


4  Experimental  results 

With  the  microscope  setup  presented  above,  we  are  able  to  correct  aberration 
introduced  by  the  parabola  during  the  scanning  process.  The  diffraction  lim¬ 
ited  spot  achievable  with  the  top  hat  pulse  mode  and  the  f:l  parabola  has  a 
1.1pm  diameter.  The  measured  spot  diameter  is  1.0  ±  0.5  pm  on  axis  and  in 
the  corrected  scanning  area. 

Each  correction  of  the  wavefront  is  stored  in  a  database  and  can  be  re¬ 
called  during  scanning  of  samples.  Each  element  of  the  database  contains 
information  on  the  location  of  the  corrected  points,  and  the  corresponding 
voltages  to  apply  to  the  deformable  mirror.  The  database  allows  a  fast  scan¬ 
ning  rate,  that  can  ultimately  match  the  standard  video  rate  if  the  scanning 
machinery  is  fast  enough. 

The  adaptive  part  of  the  system  is  versatile  enough  so  that  the  parabola 
can  be  replaced  by  any  objective.  Changing  the  objective  will  just  imply  that 
the  learning  system  will  have  to  find  a  new  database  before  being  able  to 
record  images. 
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A  confocal  microscope  offers  superior  imaging  compared  to  a  conventional  optical  microscope. 
However  most  confocal  microscopes  operate  in  reflection  because  of  the  imaging  difficulties 
caused  by  aberrations  induced  by  the  specimen  itself.  Work  at  the  University  of  Sydney  has 
focussed  recently  on  overcoming  these  problems  and  constructing  a  practical  confocal 
transmission  microscope.  We  have  demonstrated  image  improvement  by  removing  image 
motion  in  real  time  using  a  tip-tilt  mirror,  and  in  post-processing  of  CCD  images.  Other  low 
order  aberration  correction  requires  a  wavefront  sensing  technique  appropriate  to  the  confocal 
situation  and  a  device  to  provide  the  correction,  both  of  which  are  also  being  investigated. 


1  Introduction 

A  confocal  microscope  delivers  superior  imaging  over  a  conventional  microscope 
in  both  resolution  and  the  ability  to  optically  section  specimens  (i.e.  to  image  a 
single  plane  within  the  specimen).  These  capabilities  stem  from  the  strong 
rejection  of  multiply  scattered  light  even  in  thick,  highly  scattering  media.  This 
sectioning  ability  makes  it  possible  to  record  a  collection  of  adjacent  planes  of 
focus  and  process  them  into  a  full  3D  image. 

The  confocal  optical  design  delivers  a  focussed  spot  of  light  into  the  specimen 
and  relays  that  spot  to  a  pinhole  aperture  in  front  of  a  detector.  The  confocal  image 
then  consists  of  point-by-point  measurements  of  the  transmitted  (or  reflected)  light 
as  the  specimen  is  raster  scanned  under  the  fixed  illumination  path.  The  fixed 
light  path  in  our  system  eliminates  variable  off-axis  aberrations  such  as  field 
curvature  and  coma  that  are  characteristic  of  beam-scanning  confocal  designs. 

When  specimens  thicker  than  about  ~5  pm  are  imaged  in  transmission,  the 
focussed  image  spot  is  often  deflected  off-axis  by  refractive  index  structures  within 
the  specimen,  causing  it  to  miss  the  detector  pinhole.  Thus  the  information 
conveyed  by  the  signal  amplitude  (e.g.  absorption  or  phase  change  in  the  specimen, 
depending  on  the  imaging  mode)  is  lost.  This  produces  erroneous  dark  regions  in 
the  image  and  makes  it  virtually  impossible  to  use  a  fixed  pinhole  arrangement. 
This  effect  does  not  arise  in  reflection  because  tilt  effects  introduced  when  the  light 
enters  the  specimen  tend  to  be  cancelled  out  when  the  beam  reflects  back  along 
essentially  the  same  path.  Apart  from  image  motion,  further  aberrations  may  also 
be  introduced  which  deform  the  ideal  Airy  pattern  on  the  detector  pinhole  and 
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thereby  alter  the  detected  signal.  Of  course,  each  of  these  aberrations  itself  carries 
information  about  structure  within  the  specimen  if  it  can  be  interpreted. 

Because  of  these  difficulties,  there  are  currently  no  commercial  confocal 
transmission  microscopes.  However  operation  in  transmission  offers  several 
advantages,  such  as  the  ability  to  provide  phase  information,  not  available  in 
reflection.  Conventional  optical  microscopes  are  more  often  used  in  transmission 
and  it  is  clearly  desirable  to  do  the  same  for  confocal  microscopes. 

Over  the  last  few  years  we  have  developed  a  confocal  microscope  system  to 
explore  confocal  imaging  in  both  reflection  and  transmission  [1,2].  We  have 
obtained  confocal  transmission  images,  including  differential  interference  contrast 
(DIC),  from  thin  samples.  The  images  exhibit  improved  imaging  performance 
compared  with  non-confocal  imaging.  Ultimately  our  interest  lies  in  imaging  thick 
objects  in  three  dimensions  under  multiple  scattering  conditions.  However,  as  the 
imaging  is  moved  deeper  into  the  specimen,  the  image  quality  is  reduced  for  each 
successive  plane.  In  order  to  obtain  high-resolution  transmission  images  of  a  thick 
specimen  it  is  essential  to  use  Adaptive  Optics  (AO)  techniques  to  compensate  for 
the  aberrations  introduced  by  the  specimen  itself  [3,4]. 


2  Tip/tilt  correction  of  image  motion 

The  first  and  simplest  step  in  most  AO  systems  is  the  elimination  of  image 
motion.  In  confocal  transmission  imaging,  this  motion  can  be  tens  of  microns  in  a 
highly  structured  part  of  the  specimen,  much  larger  than  the  detector  pinhole. 

In  order  to  correct  image  motion  we  have  implemented  a  closed  loop  tip-tilt 
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servo  in  our  confocal  system,  as  illustrated  in  Figure  1.  The  tip-tilt  system  consists 
of  a  Position  Sensing  Detector  (PSD)  whose  output  drives  a  fast  piezoelectrically 
mounted  mirror.  Any  displacement  of  the  image  centroid  as  determined  by  the 
PSD  produces  a  control  voltage  which  causes  the  piezo  to  deflect  the  beam  back  on 
axis. 

This  layout  permits  simultaneous  acquisition  of  tilt-corrected  and  uncorrected 
images.  Use  of  a  large  pinhole  in  either  arm  results  in  conventional  rather  than 
confocal  imaging.  Figure  2  shows  one  resulting  transmission  image  set.  The  first 
image  was  taken  using  a  200  pm  pinhole,  which  simulates  the  acquisition  of  a 
conventional  image.  The  second  image  is  confocal,  without  tilt  correction.  It 
shows  dark  regions  at  refractive  index  boundaries,  indicating  loss  of  signal  due  to 
aberrations.  The  third  image  is  a  tilt  corrected  confocal  image  showing  fine  detail 
in  these  same  regions.  It  generally  has  significantly  finer  lateral  resolution  than 
either  the  uncorrected  or  conventional  images.  These  images  are  512  x  512  pixels 
and  took  25  seconds  to  acquire  at  a  rate  of  20  lines  per  second.  This  frame  rate  is 
set  by  the  pixel  rate  which  is  itself  determined  by  the  bandwidth  of  the  tip-tilt  servo 
-  currently  up  to  1.5  kHz.  This  highlights  the  speed  limitations  of  any  real-time 
AO  system. 


Figure  2.  Conventional,  uncorrected  confocal  and  tilt  corrected  confocal  images  of  a  kangaroo  rat  kidney 
cell.  Each  image  is  75  microns  across. 


3  Using  a  CCD  to  create  a  ‘virtual  pinhole’ 

In  1992  [1,3]  we  first  proposed  the  idea  of  replacing  the  physical  pinhole 
found  in  all  confocal  systems  with  a  ‘virtual  pinhole’  formed  from  selected  pixels 
of  a  CCD  array.  Although  not  really  an  AO  technique,  this  approach  has  an 
obvious  application  in  replacing  the  more  complex  tip-tilt  correction.  For  each 
image,  a  ‘virtual  pinhole’  of  any  desired  size  can  be  defined  and  moved  from  frame 
to  frame  as  the  focussed  spot  moves.  Experiments  to  date  have  been  limited  to 
single  pixel  ‘virtual  pinholes’  selected  to  be  the  maximum  value  within  each  CCD 
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frame.  Figure  3  illustrates  the  ability  to  eliminate  loss  of  confocal  signal  caused  by 
motion  of  the  focussed  spot.  It  was  taken  with  a  Dalsa  64x64  CCD  camera, 
operating  at  up  to  400  Hz  frame  rate.  The  benefit  of  maximum  detection  is  very 
similar  to  that  from  tip-tilt  correction,  although  it  is  not  strictly  equivalent  to  the 
centroiding  employed  in  the  PSD.  Centroiding  could,  of  course,  be  performed 
using  an  appropriate  algorithm,  with  an  arbitrary  size  ‘virtual  pinhole’  defined 
around  the  centroid. 


Figure  3.  Algae  seen  in  transmission  differential  interference  contrast  (DIC)  imaging,  (a)  conventional,  (b) 
on-axis  single  pixel,  (c)  maximum  value  pixel.  The  white  square  in  (b)  blocks  a  region  of  extreme 
brightness.  Arrows  highlight  a  region  where  the  images  show  significant  differences. 


Apart  from  simply  displacing  the  focussed  spot,  other  aberrations  introduced 
by  the  specimen  will  deform  the  ideal  Airy  disk.  In  a  fixed  pinhole  system  this  is 
ignored  and  light  from  the  diffraction  maximum  is  assumed  to  be  a  reliable 
measure  of  structure  within  the  specimen  at  the  focal  plane.  With  a  CCD, 
deformation  of  the  Airy  disk  is  recorded  and  the  information  it  contains  can  be 
used  to  understand  the  aberration  and  the  structures  which  produced  it. 

For  example,  defocus  of  the  spot  in  the  CCD  image  indicates  variation  in  the 
optical  path  length  through  different  parts  of  the  specimen.  If  this  occurs  on  the 
transmitted  (output)  side  of  the  specimen  it  can  be  simply  corrected  by  refocussing 
the  output  microscope  objective.  If  it  occurs  on  the  illumination  (input)  side  of  the 
specimen  it  indicates  movement  of  the  focal  plane  within  the  specimen  and  will 
lead  to  incorrect  placement  of  features  in  depth  in  the  confocal  data  set. 
Monitoring  in  both  reflection  and  transmission  or  in  double-pass  through  the 
specimen  may  be  required  to  discern  between  these  two  possibilities. 

Of  the  other  low  order  aberrations,  spherical  aberration  is  the  most  important. 
It  increases  as  the  focal  plane  is  moved  deeper  into  the  specimen  because  of  the 
overlying  material  in  the  optical  path.  Quite  small  amounts  of  spherical  aberration 
will  clearly  degrade  image  performance,  more  so  in  depth  than  in  the  transverse 
direction  [5].  We  have  partially  corrected  this  effect  using  available  meniscus 
lenses,  but  it  could  clearly  be  monitored  and  corrected  in  real-time  with  a  suitable 
AO  wavefront  sensor  and  phase  modulator. 
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4  Low  order  correction 

Most  AO  systems  employ  a  Shack-Hartmann  wavefront  sensor  which  allows 
reconstruction  of  the  wavefront  from  tilt  measurements  across  individual  sub¬ 
apertures.  These  individual  measurements  are  made  using  centroiding  detectors 
like  the  PSD  described  earlier.  An  alternative  is  the  curvature  sensor  [6]  which 
measures  wavefront  curvature  across  sub-apertures.  This  is  achieved  by  making 
intensity  measurements  of  extra-focal  images,  symmetrically  either  side  of  a  focal 
point.  Curvature  sensing  works  well  in  astronomical  AO,  but  our  experiments 
indicate  that  the  strong  diffraction  effects  in  confocal  microscopy  defeat  this 
approach. 

More  recently  we  have  begun  to  test  a  related  technique  based  on  the 
Transport  of  Intensity  Equation  (TIE)  [7].  This  involves  taking  images  at  focus 
and  symmetrically  on  either  side.  It  assumes  the  paraxial  approximation  but 
makes  no  geometrical  optics  approximations.  Most  of  the  computation  is  done  in 
Fourier  space  where  the  technique  fast  and  easy.  Initial  results  using  a  CCD  are 
promising  and  testing  in  the  confocal  system  is  now  proceeding. 

The  other  critical  element  of  an  AO  system  is  the  phase  modulator.  Typically 
this  is  a  deformable  mirror  with  >20  sub-apertures  driven  by  peizoelectric 
actuators.  These  mirrors  work  successfully  in  astronomical  applications,  but  they 
are  very  costly  -  more  than  the  confocal  microscope  itself.  We  have  been  exploring 
a  lower  cost  option  -  a  bimorph  mirror  featuring  a  small  number  of  controlled  sub¬ 
apertures  which  is  more  appropriate  to  the  level  of  correction  likely  in  a  confocal 
system. 

The  bimorph  mirror  is  made  from  two  piezoelectic  wafers  and  is  controlled  by 
a  pattern  of  electrodes  on  one  of  the  wafers  [8].  This  has  recently  been  tested  in 
the  confocal  microscope  in  an  arrangement  similar  to  that  illustrated  for  the  tip-tilt 
mirror  in  Figure  1.  The  beam  was  expanded  to  match  the  35  mm  beam  diameter  of 
the  bimorph  mirror.  A  fast  wavefront  sensor  was  not  available  and  so  wavefront 
aberrations  were  measured  using  a  conventional  phase-shifting  interferometry 
technique  (which  is  itself  a  challenge  in  the  presence  of  strong  diffraction).  Figure 
4  illustrates  the  improvement  in  the  focussed  spot  delivered  to  the  pinhole. 
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Figure  4.  The  aberrated  focussed  confocal  spot  (left)  was  corrected  (right)  using  a  bimorph  mirror. 
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The  Strehl  ratio,  which  measures  the  power  in  the  diffraction  peak  of  the  Airy 
pattern,  was  improved  from  0. 1  to  0.8  in  this  experiment. 

The  bimorph  mirror  represents  just  one  approach  to  AO  phase  modulation. 
Non-mechanical  devices  using  liquid  crystal  phase  screens  or  micro-machined 
solid  state  optical  devices  are  exciting  possibilities  for  the  future. 


5  Conclusion 

Our  investigations  have  shown  that  it  is  essential  to  implement  AO  if  a 
confocal  microscope  is  to  be  operated  in  transmission.  A  tip/tilt  system  on  our 
microscope  has  demonstrated  improved  imaging  over  an  uncorrected  system.  A 
preliminary  demonstration  of  further  correction  has  been  achieved  using  a  bimorph 
mirror.  We  are  currently  investigating  alternative  approaches  to  wavefront  sensing 
in  the  confocal  context. 

There  remain  larger  questions  to  answer  such  as  how  to  decide  where  the 
aberrations  arise  within  the  specimen  (before  or  after  the  focal  plane)  and  thus 
what  impact  they  have  on  the  confocal  imaging  plane?  Also,  how  do  we  extract 
further  information  about  the  specimen  from  the  aberrations  themselves? 
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Tactical  airborne  electro-optical  systems  are  severely  constrained  by  weight,  volume,  power, 
and  cost.  Micro-electrical-mechanical  (MEM)  adaptive  optics  provide  a  solution  that 
addresses  the  engineering  realities  without  compromising  spatial  and  temporal  compensation 
requirements.  Through  modeling  and  analysis,  we  determined  that  substantial  benefits  could 
be  gained  for  laser  designators,  ladar,  countermeasures,  and  missile  seekers.  The 
development  potential  exists  for  improving  seeker  imagery,  extending  countermeasures 
keepout  range,  improving  the  range  for  ladar  detection  and  identification,  and  compensating 
for  supersonic  and  hypersonic  aircraft  boundary  layers.  Innovative  concepts  are  required  for 
atmospheric  path  and  boundary  layer  compensation.  We  have  developed  designs  that  perform 
these  tasks  using  high  speed  scene-based  wavefront  sensing,  IR  aerosol  laser  guide  stars,  and 
extended-object  wavefront  beacons. 


1  Introduction 

Electro-optical  tactical  weapon  systems,  including  infrared  imaging  seekers,  laser 
designators,  laser  radars,  and  active  infrared  countermeasures  have  limitations 
dictated  by  severe  combat  thermal  and  vibrational  environments.  The  weapon 
performance  may  be  degraded  by  the  constraints  on  its  ability  to  detect  and  specify 
targets  or  its  ability  to  accurately  aim  and  project  a  laser  to  a  target.  Fig.  1  shows  a 
series  of  image  frames  taken  from  a  video  stream  from  a  seeker,  like  that  used  on 
the  current  generation  cruise 
missile.  The  imagery  is 
transmitted  to  flight  crew  for 
aimpoint  designation  and  terminal 
guidance.  Atmospheric  turbulence, 
in  the  flight  path  between  the 
missile  seeker  and  the  target,  and 
through  the  aero-optical  boundary 
layer  near  the  seeker  window,  can 
reduce  the  spatial  resolution  and 
degrade  the  performance  of  the 
system.  Improving  the  imagery  or 
laser  propagation  in  situations  of 
severe  optical  distortion  can  make 
the  difference  between  a  successful  mission  and  a  failure. 


Figure  1 .  Detailed  analysis  of  imagery  was  used  to 
define  the  levels  of  atmospheric  turbulence  and 
missile  vibration  in  terms  of  its  effect  on  image 
quality. 


93 


94 


Conventional  adaptive  optics  systems1  provide  possible  solutions  for  compensating 
the  atmospheric  propagation  path  used  in  tactical  systems.  The  telescope  and  the 
aperture  is  usually  defined  by  the  operational  envelope  and  packaging  constraints. 
The  sensors  are  often  predetermined  for  specific  missions.  The  addition  of  a 
wavefront  sensor,  a  deformable  mirror,  and  a  control  computer  complicates  the 
system.  So,  the  tradeoff  is  fairly  straightforward.  If  the  adaptive  optics  system  can 
be  integrated  into  a  tactical  system,  and  its  weight  and  power  penalty  is  offset  by  the 
system’s  improved  performance,  it  is  a  viable  option  for  development.  The  recent 
advances  in  low-cost  MEMS  deformable  mirrors  make  it  possible  to  develop 
electro-optical  enhancements  with  a  few  hundred  channels,  which  can  improve 
image  resolution  with  complete  system  production  costs  in  the  range  of  $1500  per 
unit. 


2  Missile  seeker  system  analysis 

We  investigated  MEMS  optical  systems  to  determine  how  much  image 
improvement  was  possible  while  remaining  low-weight,  low-volume,  low-power 
consumption,  and  low  production  cost.  We  use  the  resolved  scene  for  wavefront 
sensing.  Using  digital  signal  deconvolution  of  the  image  and  phase  error 
linearization,  we  can  achieve  significant  image  improvement. 

For  the  analysis,  we  use  knowledge  of  the  environment  surrounding  the  imagery 
We  back-calculate  that  the  spatial  coherence  length  of  the  atmospheric  turbulence 
and  a  characteristic  (Greenwood)  frequency.  In  the  8-12  micron  band,  we 
determined  that  r0  =18cm  and  /G=24Hz  were  reasonable  assumptions  for  later 
bandwidth  calculations.  This  leads  to  a  scaling  law  calculation  of  the  benefits  of 
low-cost  adaptive  optics  on  the  seeker. 

A  conventional  adaptive  optics  system  contains  a  specific  wavefront  sensor.  When 
the  fight  entering  the  optical  system  is  assumed  to  be  a  plane  wave  with  only 
correctable  aberrations,  we  assume  that  the  intensity  distribution  is  uniform.  That 
is,  we  assume  that  the  system  is  looking  at  a  point-like  source.  Conventional 
wavefront  sensors  have  corrupted  signals  if  they  observe  an  extended  or  resolved 
source.  When  a  resolved  scene  is  all  that  is  available  for  sensing  the  distorted 
wavefront,  other  techniques  must  be  used.  With  no  a  priori  knowledge  of  the 
scene,  the  object,  nor  the  aberrations,  determining  phase  is  a  tedious  and  time 
consuming  process  because  multiple  samples  of  the  image  must  be  used.2  (The 
imaging  process  is  not  directly  invertable  to  extract  the  phase.)  Multiple  samples 
require  precious  time.  For  a  closed-loop  system  to  work,  the  sampling  must  be 
faster  than  the  disturbances.  This  stresses  the  speed  of  signal  processing  or, 
conversely,  limits  the  control  bandwidth  and  therefore  the  level  of  aberration 
compensation. 
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Because  of  the  tactical  scenario  where  a  cruise  missile  will  be  used,  we  will  make 
use  of  the  assumption  that  an  approximation  of  the  target  scene  will  be  available. 
That  is,  “the  target  is  known.”  We  recognize  that  the  specific  object/scene 
information  will  most  likely  be  slighdy  different  than  a  projection3  and  we  account 
for  the  differences  as  unknown  parameters  relating  to  magnification  of  the  target 
scene  (due  mostly  to  range)  and  slight  rotation  of  the  scene  (due  to  the  attitude  of 
the  incoming  missile  with  respect 
to  the  target).  With  this 
information,  we  constructed  an 
adaptive  optics  wavefront  sensor 
scheme  (Fig.  2)  that  makes  use  of 
the  known  object  information  to 
generate  the  system  point  spread 
function  (PSF).  This  is  followed 
by  recently-developed  processing 
algorithms  that  generate  the 
wavefront  phase  estimate  from 
multiple  PSFs  without  an  iterative 
procedure  like  that  used  in  phase 
diversity. 

We  improve  the  imagery  by  making  use  of  linear  systems  theory  in  the  formation  of 
images.  Each  bit  of  detail  in  the  object  is  transferred  to  the  image  with  some 
distortion,  or  loss  of  information.  Even  a  perfect  “diffraction-limited”  (finite 
aperture)  system  loses  information.  The  image  formation  process  is  limited  by 
diffraction  which,  except  for  an  infinite  aperture  with  no  aberrations,  spreads  out  the 
light  and  masks  some  of  the  information  transfer.  Aberrations  add  to  the  distortion 
and  “blurring”  of  the  image.  The  image  is  formed  by  convolving  the  blur  that 
would  occur  from  a  point  source  (the  point  spread  function,  PSF,  P(x,y) ),  weighted 
by  the  light  distribution  of  a  perfect  object,  0(x,y). 

The  first  step  in  the  wavefront  sensing  process  is  deconvolving  the  image  by 
dividing  the  Fourier  spectrum  of  the  image,  which  we  sense,  by  the  spectrum  of  the 
object,  which  we  get  from  external  data.  The  inverse  transform  of  this  is  the  PSF. 

P(x,y)  =  F-'[F[P(x,y)]]  =  F-1{F[I(x,y)]/ F[0(x,y)]}  .  (1) 

The  second  step  is  a  wavefront  processor  that  computes  the  phase  estimate  from  a 
series  of  PSFs,  effectively  inverting  the  diffraction  equation 

P(x,  y)=|Jj  A(x\  y’)  exp(-i2#0U\  y’))  exp(-i'2;zr(jac’+yy’)  /  fy)dx'dy\  (2) 

Both  processes  can  be  exactly  calculated  with  some  assumptions:  (1)  The 
deconvolver  will  work  exactly  if  the  object  is  known  exactly.  In  a  tactical  imaging 
situation,  we  know  the  object  (target)  will  be  known,  but  its  range,  aspect  angle,  and 
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our  direction  of  flight  and  attitude  may  be  varying;  and,  (2)  The  phase  can  be 
reconstructed  from  the  PSF  if  the  amount  of  phase  aberration  is  small  enough  so 
that  the  exponential  exp[-i2®0  (x\  y  ’)]  in  Eq.  2  can  be  represented  by  its  first  terms 
l—i2mf{x\y')  ■  When  this  occurs,  the  PSF  can  be  inverted  to  find  the  phase 
without  an  iterative  method.  This  is  preferred  for  a  real-time  adaptive  optics  control 
system.  We  have  determined  that  the  phase  error  over  a  10  cm  aperture  at  the  8- 
12pm  band,  can  be  linearized  with  only  a  few  percent  phase  estimate  error. 

An  algorithm  developed  by  Wild,4  calculates  a  closed-form  exact  solution  for  the 
unknown  wavefront  phase,  shown  in  Fig.  2  as  the  phase  estimate.  The  accuracy 
of  the  phase  estimate  depends  upon  a  number  of  factors:  First,  the  accuracy  goes  up 
as  the  number  of  phase  excursions  increase.  Secondly,  because  the  algorithm 
linearizes  the  phase  errors,  the  accuracy  goes  up  as  the  amount  of  unknown  phase  is 
reduced. 

Simulations  show  that  the  algorithm  works  quite  well  for  phase  error  variances  less 
than  0.5  rad2.  For  larger  errors,  the  accuracy  is  reduced  and  the  number  of 
excursions  must  be  increased,  translating  into  lower  control  bandwidth.  For 
atmospheric  turbulence,  this  implies  that  the  coherence  length  r0  must  be  greater 
than  0.45  D  where  D  is  the  aperture  diameter.  This  condition  is  met  quite  easily  at 
IR  wavelengths  and  the  ranges  of  tactical  missiles.  We  conclude  that  our  algorithm 
is  limited  by  the  processor  speed  and  not  the  strength  of  the  turbulence.  Simulations 
show  that  we  can  retain  a  70Hz  closed-loop  bandwidth  with  two  phase  excursions 
per  frame  on  a  limited  scene. 

The  goal  of  this  study  was  to  determine  how  much  image  quality  can  be  improved 
with  adaptive  optics. 

For  the  analysis,  we 
assumed  that  we  had  a 
10  cm  aperture  imaging 
seeker  in  the  8-12 
micron  band  that  was  up 
to  10  km  from  the  target 
in  severe  turbulence 
conditions.  The 

uncompensated 
atmospheric  turbulence 
Strehl  ratio  was  about 
0.69.  Strehl  ratio  is 
roughly  equal  to  the 
inverse  of  the  resolution  size  in  the  target  plane.  With  a  coherence  length  of  18  cm 
and  a  Greenwood  frequency  of  24Hz,  Fig.  3  shows  that  the  Strehl  ratio  can  be 
improved  by  20%  with  an  11  channel  adaptive  optics  system  with  a  closed-loop 
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Figure  3.  Analysis  shows  that  image  improvement  is  possible  for 
an  IR  seeker  with  low-cost  MEMS  adaptive  optics  operating  at  a 
closed-loop  bandwidth  of  70Hz. 
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bandwidth  of  70  Hz.  This  20%  improvement  in  image  resolution  is  feasible  with 
prototype  MEMS  deformable  mirrors  if  the  sensing  algorithms  can  operate  at  the 
near  1kHz  frame  rate.  (To  achieve  a  closed-loop  bandwidth  of  70  Hz,  we  require 
wavefront  sensor  signals  to  be  about  5  times  the  bandwidth,  or  350  Hz.  Our 
wavefront  sensing  concept,  as  it  is  currently  designed,  requires  three  separate 
images  per  wavefront  sensing  cycle.  Thus,  the  camera  frame  rate  and  integration 
time  must  be  compatible  with  1kHz.) 

The  imagery  does  not  have  to  be  fully  compensated  over  the  entire  missile 
engagement  time.  Blurring  is  removed  at  longer  ranges,  but  absolute  accuracy  for 
aimpoint  selection  is  improved  at  shorter  distances.  With  a  few  frames  in  a  70  Hz 
closed-loop  bandwidth,  we  can  improve  the  resolution.  In  the  final  seconds  of 
flight,  when  the  optical  propagation  path  is  short,  the  aero-boundary  turbulence 
layer  dominates.  Since  the  aero-boundary  is  somewhat  constant  (at  a  constant 
velocity),  we  can  correct  for  it  at  a  much  lower  bandwidth,  possibly  10  Hz,  which 
greatly  relaxes  the  requirement  for  high  speed  imagery  and  processing. 


3  MEMS  technology 

The  state-of-the-art  of  MEMS  adaptive  optics  technology  is  represented  by  the  most 
recent  developments  of  MEMS  Optical,  Inc.  They  have  produced  prototype 
multichannel  micromirrors  with  a  process  that  promises  to  reduce  the  production 
level  costs  to  a  small  fraction  of  conventional  macro-adaptive  optics  The  mirror 
employs  electrostatic  forces  to  move  each  actuator  in  a  piston  motion.  In  order  to 
achieve  a  large  fill  factor,  while  allowing  room  for  the  supporting  springs  and 
electronic  traces,  a  lens-let  array  is  used.  The  segmented  micromirror  array  has  a 
total  of  325 
actuators  with 
a  500  pm 
pitch.  With 
21  actuators 
across  the 
diameter,  this 
results  in  an 
effective 
diameter  of 
10.5  mm. 

Figure  4 
shows  the 
current 

generation  mirror. 


Figure  4.  Photos  of  a  prototype  MEMS  deformable  mirror.  The  mirror  is 
overlayed  with  a  lenslet  array  to  establish  a  fill  factor  of  100%.  The  left  picture 
shows  the  1  cm  diameter  lenslet  array  over  the  front  surface  of  a  segmented 
MEMS  deformable  mirror.  The  middle  picture  is  a  photomicrograph  of  a 
single  mirror  segment  of  the  array.  The  right  picture  shows  the  back  of  the 
mirror  mounted  into  its  driver  card. 
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4  Future  plans 

The  ultimate  objective  of  this  research  is  to  produce  MEMS  adaptive  optics  systems 
suitable  for  deployment.  Based  upon  these  analytical  results,  we  will  be  performing 
a  number  of  demonstrations  and  analytical  studies. 

The  first  laboratory  demonstration  will  show  how  an  integrated  phase  compensation 
system  with  MEMS  adaptive  optics  can  meet  the  spatial  resolution  requirements  of 
tactical  missions.  The  second  experiment  will  show  how  the  tactical  mission 
requirements  for  high-speed  adaptive  optics  are  met  by  using  a  general  purpose 
computer  with  sensing  algorithms  scaled  to  missile  engagement  bandwidths.  The 
third  laboratory  experiment  will  show  that  a  varying  view  of  a  target  object,  as 
expected  during  the  terminal  phase  of  engagement,  can  be  compensated.  In 
conjunction  with  the  laboratory  demonstrations,  we  will  continue  theoretical 
analysis  of  the  tactical  missions  and  their  impact  on  the  system  configuration. 
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The  Active  Micro  Mirror  (AMM)  is  a  new  kind  of  micromachined  deformable  mirror.  It  is  a 
silicon  mirror  which  can  be  electrostatically  actuated  by  electrodes  located  on  each  side  of  the 
mirror.  In  this  article  we  describe  the  characteristics  and  the  results  of  modelisation  and 
testing  of  our  deformable  micro  mirror. 


1  Introduction 

The  aim  of  the  Adaptive  Micro  Mirror  project  (AMM)  is  to  study  the  technical 
feasability  of  a  silicon  micromachined  deformable  mirror,  to  evaluate  its 
performances  and  applications,  and  to  experiment  some  of  its  potentialities. 

The  choice  of  micromachining  technologies  increases  the  field  of  appplications 
of  the  AMM  compared  to  standard  deformable  mirrors:  great  flexibility  of 
fabrication  (size,  shape,...),  small  size  and  light  weight  (easy  to  integrate  in  a 
system),  possible  mass  production  (decrease  the  cost  of  the  mirror). 

We  will  first  describe  the  main  specifications  of  the  AMM  and  its  basic 
principles.  Then,  we  will  talk  about  the  technology  of  fabrication.  Then,  we  will  talk 
about  the  modelisation  and  the  command  of  the  mirror  and  give  some  results  of 
simulation.  At  the  end,  we  will  validate  this  technological  and  theoretical  study  by  a 
comparaison  between  simulations  and  experimentations. 


2  Basic  principles 

Micromachined  deformable  mirrors  are  actually  an  active  field  of  research  [1,2]. 
Based  on  theses  studies  and  on  our  personal  needs,  we  identify  a  lot  of  new 
potential  applications  for  this  new  active  component:  optical  aberration  correction, 
optical  alignment,  medical  imagery. . . 

In  order  to  satisfy  most  of  theses  applications,  we  defined  typical  specifications 
to  be  met  by  the  AMM: 
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The  AMM  is  composed  by  a  thin  silicon  membrane  fully  built-in  between  two 
conductive  electrodes.  Applying  voltage  on  theses  electrodes  will  electrostatically 
deforme  the  mirror  in  the  both  directions. 

We  show  a  schematic  view  of  the  device  in  figure  1: 


Transparent  electrode 


Aluminium  pad  electrode 


Figure  1:  Scheme  of  the  AMM 


3  Fabrication  process 

The  process  of  fabrication  uses  standard  materials  and  technologies  of 
micromachining:  silicon  and  glass  wafers,  photolithography,  thermal  processes 
(oxidation,  doping,...),  chemical  etching  of  silicon  and  glass  (EDP,  HF,...),  assembly 
(anodic  bonding),  metallisations  (aluminium,...). 
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The  advantages  of  this  kind  of  fabrication  is  a  precise  and  reproducible  control  of 
critical  dimensions  (thickness  of  the  membrane,  space  of  the  gap,...),  the  flexibility 
of  fabrication  (with  the  same  process  we  can  vary  most  of  the  technical  parameters), 
and  the  mass  production  (which  made  the  AMM  affordable  for  any  laboratory  or 
industry). 

Figure  2,  shows  a  photograph  of  a  micromachined  AMM. 


Figure  2:  photograph  of  the  AMM 


4  Moderation  and  command 

The  AMM  can  be  deformed  in  virtually  any  shapes.  The  spatial  frequency  of  the 
deformation  is  mostly  limited  by  the  number  and  the  size  of  the  pad  eletrodes.  One 
possible  way  for  determining  the  command  is  to  choose  a  large  matricial  pattern  of 
electrodes  and  to  simulate  or  experiment  the  deformations  generated  by  this  pattern. 
It  usually  gives  a  complex  command  with  many  different  voltage  channels  and  is 
not  optimized  for  the  deformations  of  interest. 

We  choose  the  reciprocal  approach  of  this  method.  We  fixed  at  first  some 
important  parameters:  kind  of  deformation  to  be  generate,  number  of  electrodes, 
maximal  command  voltages.  We  determine  a  unique  pattern  of  electrode  which 
agrees  with  this  parameters.  Then,  we  calculate  with  this  pattern  a  first  repartition  of 
voltages  for  each  deformation,  and  iterate  this  step  to  optimize  this  voltage  values. 

We  applied  this  method  for  a  particular  case  defined  by:  generation  of  the  most 
common  optical  deformations  (focus,  piston,  astigmatism,  coma)  with  an  amplitude 
up  to  5  pm,  a  mean-square  error  lower  than  few  percent  of  the  amplitude  of  the 
deformation  for  a  defined  surface,  less  than  20  electrodes,  command  voltages  below 
200V.  Our  modelisation  gives  us  a  unique  pattern  of  13  electrodes  (plus  one 
continuous  electrode  on  the  other  side  of  the  mirror),  with  the  corresponding  voltage 
commands  for  each  deformation.  We  give  some  modelisation  results  on  the  figure  3. 
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Figure  3.  a)  repartition  of  voltage  on  the  13  electrodes;  b)  simulation  in  3d  view;  c)  simulation  ii 
contour  lines  view.  1)  focus;  2)  astigmatism;  3)  piston 


5  Experimentation  /  Validation 


In  order  to  validate  this  modelisation,  we  developed  a  Labview  interface  to  generate 
easily  the  voltage  commands  and  an  electronic  circuit  to  amplify  them  to  the 
different  electrodes.  We  fabricated  some  AMM  with  the  corresponding  pattern  of  13 
electrodes  too,  and  compared  the  interferometric  results  with  the  numerical 
computation.  We  resume  theses  results  for  the  3  previous  deformations  for  different 
amplitude  of  deformation  on  figure  4. 
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New  deformable  mirror  components  and  designs  developed  at  Trex  Enterprises  (formerly 
ThermoTrex)  are  reviewed.  These  include  long  stroke  actuators,  zero  holding-power 
actuators,  wide  operating  temperature  actuators,  and  simply  replaceable  facesheets.  Systems 
built  with  each  of  these  features  are  shown. 

1.  Introduction 

ThermoTrex  designed  and  built  its 
first  adaptive  optics  system  for  US 
military  programs  over  15  years  ago. 

These  deformable  mirrors  were  made 
from  individual  segmented  silicon 
substrates  actuated  with  custom  tubular 
PZTs.  Each  actuator  tube  supplies 
three  control  modes;  piston,  tip,  and 
tilt.  The  largest  of  these  mirrors  is 
shown  in  Figure  1.  These  segments 
had  a  damped  step  response  time  of 
less  than  100  microseconds  and 
actuator  strokes  of  8  microns. 

Trex's  original  DM  design  was  motivated  by  the  need  to  scale  AO  components 
for  atmospheric  correction  to  extremely  large  numbers  of  actuators,  for  use  on  large 
telescopes  at  sites  with  relatively  poor  seeing.  Designed  for  use  in  the  UV  and 
visible  spectrum,  the  segmented  mirrors  were  designed  for  laser  weaponry  with 
narrowband  laser  pulses,  so  the  presence  of  wavelength  step  discontinuities  in  the 
residual  error  map  did  not  degrade  far-field  spot  characteristics.  Thus,  the 
segmented  design  was  an  efficient  and  relatively  low-cost  solution  for  this  mission. 
For  the  remainder  of  the  1980's,  Trex  remained  focused  on  military  applications, 
building  several  more  segmented  DM's  for  the  US  Navy  and  Air  Force,  including 
white-light  versions  and  mirrors  with  water  cooling  attached  directly  to  the  back  of 
the  mirror. 


Figure  1.  This  1500  degree-of-freedom 
segmented  mirror,  built  in  1985,  is  still  the 
world’s  highest-order  deformable  mirror  to  be 
tested  at  1  kHz  operation. 
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However,  in  the  1990's  our  focus  shifted  to 
astronomical  and  commercial  applications.  We 
now  offer  a  baseline  commercial  and  astronomi¬ 
cal  system  for  low-order  correction,  using  a 
Xinetics  DM  and  proven  Trex  design  for  low- 
cost,  high-speed  wavefront  processor.  As  an 
example.  Figure  2  shows  testing  in  our  AO 
laboratory  of  this  control  system  for  the  Italian 
TNG  telescope.  In  the  last  several  years  we  have 
designed  and  built  entirely  new  DM  designs 
aimed  at  providing  new  capabilities  for  a  variety 
of  customers.  In  the  remainder  of  this  paper,  we 
briefly  review  some  of  these  innovative  designs. 

Figure  2.  TREX  reconstructor 
next  to  Xinetics  driver  rack. 

2.  High-speed  electromagnetic  actuators 

Electromagnetic  actuators  are  preferred  when  extra-long  strokes  or  reliably 
long  lifetimes  exceed  the  importance  of  high  bandwidth  or  compactness  normally 
found  in  piezoelectric  actuators. 

Our  first  deformable  mirror  based  on  this  new  technology  was  the  25  actuator 
deformable  mirror  built  for  the  University  of  Arizona  in  1995,  shown  in  Figure  3. 
This  DM  used  voice  coil  actuators  connected  via  magnets  to  a  2  mm  thick  glass 
mirror  substrate.  Capacitor  position  sensors  surrounding  each  actuator,  formed  by 
the  back  surface  of  the  substrate  and  the  front  surface  of  the  reaction  body,  were 
used  in  the  closed  loop  control  of  the  mirror’s  shape.  This  mirror  was  successfully 
operated  in  our  lab  and  at  the  Starfire  Optical  Range  in  Albuquerque,  NM,  where 
ThermoTrex  has  installed  a  10  kHz  fast  figure  sensor.  This  mirror  was  designed  to 
be  a  prototype  for  an  adaptive  secondary  mirror  for  the  MMT.1  A  subsequent  60 
element,  concave  mirror  prototype  was  built  and  tested.2 


Figure  3.  Continuous  face  sheet  mirrors,  actuated  with  voice  coils,  (a)  25  actuator  flat  DM  operated  at  a 
10  kHz  update  rate;  (b)  60  actuator  concave  DM. 


3.  Electromagnetically-actuated,  large  aperture  deformable  mirror 

The  National  Ignition  Facility  (NIF)  at  Lawrence  Livermore  National 
Laboratory  is  building  a  system  of  192  high  energy  lasers  which  operate  in  parallel 
with  the  goal  of  demonstrating  nuclear  fusion.3  These  lasers  are  flashlamp-pumped, 
which  contributes  to  significant  thermally-induced  wavefront  distortion.  To  correct 
the  distortion,  NIF  will  use  192  deformable  mirrors,  each  with  39  actuators 
operating  at  10  Hz.  The  NIF  is  designed  with  a  30  year  lifetime  goal,  so  this 
requires  over  7000  actuators  to  operate  for  nearly  1010  cycles.  In  addition,  the 
deformable  mirrors  are  exposed  to  damaging  levels  of  ultraviolet  radiation,  so  the 
normal  epoxy  actuator-to-substrate  attachment  techniques  were  not  allowed. 

ThermoTrex  built  a  prototype  DM  for  the 
NIF  program,  shown  in  Figure  4.  The  mirror 
was  successfully  flattened  via  closed  loop 
commands  to  a  33  nm  RMS  figure,  and  could 
apply  a  defocus  deformation  of  more  than  9 
microns  on  the  surface. 

The  mirror  substrate  uses  a  10  mm  thick 
piece  of  BK-7  glass,  flat  on  both  sides.  To  attach 
the  mirror  to  the  actuators  without  using  epoxy, 
atmospheric  pressure  was  used.  A  very  weakly 
formed  vacuum,  equal  to  99%  of  atmospheric 
pressure,  was  all  that  was  required  to  keep  the 
glass  in  contact  with  the  actuators  as  their  lengths 
were  changed  to  deform  the  mirror.  Use  of  this 
technique  offered  the  additional  advantage  that 
the  mirror  could  be  easily  replaced;  demounting 
the  mirror,  then  remounting  it,  took  only  a  few 
minutes  in  the  laboratory. 

Electromagnetic  actuators  were  required  to  complete  the  design.  Since  the 
glass  was  relatively  thick,  simple  voice  coils  were  not  strong  enough  to  generate  the 
necessary  forces.  Instead,  a  solenoid  design  was  utilized.  Since  the  air  gap  is 
relatively  small,  the  actuator  efficiency  is  relatively  high.  The  raw  actuator  stroke  is 
limited  by  the  air  gap,  but  this  was  easily  set  at  100  microns.  Internal  springs  were 
used  to  generate  the  bias  pushing  force,  while  the  atmospheric  pressure  provided  the 
pulling  force. 

Since  the  electromagnetic  force,  and  thus  the  actuator  length,  is  not  linear,  a 
capacitor  sensor  surrounding  each  actuator  was  used  with  an  analog  control  loop  to 
maintain  the  actuator  length.  This  internal  closed  loop  system  also  compensated  for 
the  different  glass  forces  resulting  from  different  mirror  shapes. 

Two  samples  of  this  actuator  type  have  been  undergoing  a  life  test  since  last 
year.  We  are  operating  them  with  long  strokes  at  about  200  Hz,  and  so  far  have 


Figure  4.  The  NIF  prototype 
deformable  mirror  uses  39  long- 
stroke  electromagnetic  actuators  to 
control  the  thermal  distortion  in  a 
400  mm  diameter  laser  beam. 
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seen  no  degradation  in  performance  for  5  x  109  cycles.  This  test  will  run  until  we 
see  a  failure. 

The  mirror’s  static  performance  is  shown  in  Figure  5.  These  interferograms 
were  taken  using  the  NIF  wavefront  control  test  station  at  LLNL.  The  first  figure 
shows  the  surface  with  an  applied  deformation  of  4.5  microns  on  the  mirror,  while 
the  second  figure  shows  the  best  flattened  surface.  The  surface  was  flattened  to 
yield  a  33  nm  RMS  wavefront  over  a  400  mm  square  aperture,  using  a  control  loop 
designed  for  DM.  The  wide  range  of  the  actuators  are  evident  in  the  amount  of 
figure  correction.  This  is  the  first  demonstration  of  electromagnetic  actuators 
operating  a  DM  in  a  closed-loop  system. 


Figure  5.  The  NIF  prototype  DM  shows  it  large  stroke  capability,  a)  mirror  surface  producing  9  microns 
of  defocus;  b)  mirror  flattened  to  33  nm  RMS 


4.  Lightweight,  all-temperature  deformable  mirror 

A  third  type  of  deformable  mirror  uses  commercial  New  Focus,  Inc.,  Picomotor 
actuators  acting  on  magnets  attached  to  a  thin  glass  membrane,  as  shown  in 
Figure  6.  This  type  of  system  has  an  enormous  stroke,  useful  for  compensating  for 
a  very  weak  reaction  structure,  but  also  has  a  bandwidth  only  fast  enough  to 
compensate  for  thermal  drift.  A  larger  version  of  this  type  of  deformable  mirror, 
still  under  construction,  is  also  shown  in  the  figure. 


Figure  6.  Thin  membrane  mirrors  supported  by  Picomotor  actuators  can  compensate  for  a  weak  reaction 
structure,  (a)  36  actuator  system,  with  attached  glass;  (b)  166  actuator  system  with  closed-loop  capability. 
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Another  lower  bandwidth  actuator  was  developed  to  support  NASA’s  research 
for  the  Next  Generation  Space  Telescope.  This  actuatoriias  the  task  of  controlling 
the  shape  of  a  thin  glass  mirror  supported  on  a  very  lightweight  support  structure. 
Glass  is  used  as  the  mirror  substrate  because  it  polishes  well  and  even  at  a  2  mm 
thickness,  has  adequate  stiffness  over  small  (100  mm)  regions.  The  support 
structure  must  include  lightweight  actuators  with  high  resolution  and  long  stroke,  to 
compensate  for  thermal  or  gravitational  changes  in  its  figure.  Since  the  mirror 
shape  will  be  figured  with  an  on-board  interferometer  or  similar  technique,  the 
requirements  on  the  raw  support  structure  include  some  degree  of  stability,  but  not 
precision. 


The  actuator  requirements  are  summarized  in  the  following  table: 


Specification 

Reason  for  specification 

Mass 

<  50  qm 

Reduces  the  total  system  mass 

Holding  power 

Zero  watts 

Telescope  must  operate  with  passive 
coolinq 

Operating 

temperature 

Cryogenic  and  room 
temperatures 

Lab  tests  at  all  temperatures 

Resolution 

<  30  nm 

Enables  diffraction-limited  imaging  at 
visible  wavelenqths 

Stroke 

>  2  mm 

Corrects  for  large-scale  support 
structure  drift 

Dimensions 

<  50  mm 

Fits  into  cells  in  the  support  structure 

Operation 

Compatible  with  “go-to" 

Closed-loop  control 

Trex  Enterprises  designed  and  built  the  prototype  actuator  we  named  the 
WormScrew,  shown  along  with  its  cryogenic  performance  in  Figure  7. 


Figure  7.  The  WormScrew  actuator  operates  from  cryogenic  to  room  temperature,  a)  the  actuator  stroke 
is  applied  through  a  worm  gear  driving  a  lead  screw;  b)  at  77  K,  the  step  size  is  identical  in  both 
directions  with  little  backlash. 

The  WormScrew  actuator  uses  a  small  stepping  motor  to  drive  a  spur  gear.  A 
stepping  motor  does  not  require  power  to  hold  its  position,  due  to  the  magnetic 
detents  at  each  step.  The  first  spur  gear  drives  a  worm  gear  which  drives  another 
spur  gear  connected  to  the  lead  screw.  Since  a  conventional  gear  train  is  not  used  to 
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generate  the  small  step  size,  light  spring  loading  on  this  single  interface  reduces 
backlash  to  a  negligible  level.  The  actuator  resolution  is  determined  by  the  gear 
ratios,  so  it  can  vary  from  typically  20  nm  per  step  to  200  nm  per  step  while  still 
meeting  the  NGST  mass  and  size  requirements. 

The  prototype  actuator  weighs  about  65  grams,  but  it  was  made  using  off-the- 
shelf  gears.  The  next  iteration,  still  using  standard  gears,  weighs  only  25  grams. 
The  energy  to  move  each  step  is  only  a  few  millijoules,  and  can  operate  at  one 
hundred  steps  per  second.  This  bandwidth  is  adequate  to  control  thermal  drift  in 
conventional  systems.  The  mirror  shown  in  Figure  6  is  compatible  with  this  type  of 
actuator. 


5.  Conclusions 

New  deformable  mirror  designs  have  been  developed  to  correct  optical 
aberrations  in  applications  outside  of  conventional  atmospheric-induced  turbulence 
correction.  These  novel  DMs  use  specially  designed  actuators  to  meet  requirements 
beyond  the  performance  of  existing  PZT  technology.  These  system  designs  can  be 
applied  to  correcting  beams  from  industrial  lasers  used  in  manufacturing  processes, 
or  in  active  optics  in  remote  sites.  Since  the  mirrors  are  not  bonded  to  the  actuators, 
they  are  easily  replaced  in  the  event  of  damaged  coatings.  Ultra-lightweight,  high- 
performance  optics  can  also  be  produced  at  low  cost  and  within  short  schedules, 
since  new  types  of  extremely  accurate  lightweight  actuator  can  be  relied  on  to 
produce  and  maintain  the  final  precision  optical  figure. 
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The  bend  and  polish  method  of  manufacture  for  aspheric  optical  surfaces,  as  originally  proposed 
and  used  by  Bernhard  Schmidt  [1]  for  the  “adaptive”  correction  of  the  low  order  spherical 
aberration  of  a  spherical  mirror  in  his  astrographic  camera,  and  more  recently  used  to 
manufacture  the  facets  of  the  Keck  10m  telescope  primary  mirror  [2]  and  other  astronomical 
components  [3],  has  the  advantage  of  producing  smoothly  continuous  aspheric  surfaces  with  fine 
surface  texture.  In  the  classical  application,  when  the  method  is  used  to  manufacture  Schmidt 
corrector  plates,  the  assumption  is  that  a  simply  supported  circular  plate  deformed  by 
atmospheric  pressure  will  assume  a  paraboloic  shape.  This  is  an  approximation  which  is  adequate 
for  some  applications,  but  needs  refinement  if  it  is  to  be  of  more  general  use.  This  paper 
describes  the  precise  modelling  of  the  classical  case  and  gives  the  general  requirements  and 
results  of  rigorous  modelling  where  the  aberration  correction  requirements  are  more  subtle. 


1  Introduction 

By  bending  an  optical  component  and  by  then  grinding  and  polishing  it  spherical 
or  flat  using  conventional  optical  surface  working  methods  allows  us  to 
manufacture  optical  surfaces  with  a  smooth  aspheric  profile  and  with  a  high 
quality  of  surface  texture. 

This  method  was  originally  proposed  and  used  by  Bernhard  Schmidt  for  the 
manufacture  of  the  apparently  awkwardly  shaped  aspheric  plate  which  is  required 
for  his  outstanding  successful  astrographic  camera  [1],  In  the  Schmidt’s  camera 
the  corrector  plate  is  required  to  introduce  a  wavefront  aberration  which  is  opposite 
to  and  twice  the  magnitude  of  difference  between  the  spherical  mirror  used  in  this 
system  and  the  equivalent  aberration-free  paraboloid,  as  shown  in  fig.l. 

Schmidt  exploited  the  fact  that  a  thin  parallel  plate  sitting  on  the  edge  of  a 
vacuum  cup-chuck  deforms  to  a  paraboloid-like  catenary  shape  when  the  cup  is 
partially  evacuated;  by  working  this  concave  surface  with  a  spherical  grinding  tool 
and  polishing  it,  the  process  (illustrated  in  fig.2)  generates  the  required  shape, 
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which  is  by  definition  the  difference  between  the  paraboloid  and  the  sphere  which 
are  on  the  catenary  and  on  the  grinding  and  polishing  tools  respectively.  By 
choosing  the  correct  partial  vacuum  for  the  deformation  of  the  plate  and  by  using 
grinding  and  polishing  tools  of  the  precisely  the  correct  radius,  the  corrector  plate 
may  be  matched  to  the  spherical  mirror  that  is  to  be  corrected. 


For  the  efficient  application  of  this  method  in  the  classical  context,  and  more 
importantly,  for  its  application  in  a  wider  range  of  contexts,  the  precise  modelling 
of  the  elastic  deformation  of  a  glass  corrector  plate  during  the  manufacturing 
process  is  important,  and  it  is  this  that  is  the  subject  of  this  paper. 

The  aspheric  profile  that  is  generated  by  the  manufacturing  process  shown  in 
fig- 2  is  critically  dependent  on  the  zonal  radius  of  the  initial  contact  between  the 
paraboloid-like  catenary  and  the  spherical  grinding  and  polishing  tools,  which,  in 
turn,  is  critically  dependent  on  the  radius  of  these  tools.  By  bending  the  grinding 
and  polishing  tools  to  the  correct  curvature  using  a  brace  like  the  one  in  fig.2,  it  is 
possible  to  select  the  required  curvature.  In  this  case  the  deformation  is  achieved 
not  by  partial  vacuum  but  by  the  application  of  a  mechanical  force  through  a 
pushing  member  with  an  appropriately  selected  contact  diameter. 


references HI  and [81,  but  with  elastically 
deformed  tooling 
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The  foundation  for  the  required  numerical  solution  for  the  mechanical 
deformation  of  the  grinding  and  polishing  tools  shown  in  fig.2  are  given  as  case  3 
in  Table  X  of  reference  [6]  p.194-195,  and  are  repeated  here  for  convenience 

r<r0. 


(3m  +  lXaa  -r‘)  ,  ,)hgJL  + 

s  n  2  ,3  _  .  1\  V  o  /  o 


2nEm  t 


+(r  -r02)- 


j  2  (m  + 1) 

(m  -  l)r02 (a1  -r2) 
2(m  +  \)a 2 


Om  +  X)^-r^)  a  _ 

J  2  nEm2t3  2(m  +  l)  r 


(m  -  l)r02  (a2  -  /~2 )1  (1J) 

2(m  +  l)a2 

Where  the  quantities  are  defined  as  follows 
W=total  loading  t=thickness  m=l/Poisson’s  ratio 

a=radius  E=elasticity  modulous  r=radius  variable 

The  formulae  given  here  for  the  part  of  the  tool  outside  and  the  part  of  the  tool 
inside  the  diameter  of  the  pushing  member  have  to  be  solved  for  constant  curvature 
and  for  equality  of  curvature,  and  this  requires  an  aspheric  profiling  of  the  tool 
plate  prior  to  deformation. 

For  stability  during  the  grinding  and  polishing  process  Frank  Cooke  [4] 
recommends  the  use  of  a  plaster-of-Paris  support  in  the  partial  vacuum  cup-chuck, 
which  is  allowed  to  set  and  hold  the  substrate  when  it  is  deformed  to  the  correct 
curvature. 


2  More  general  applications  for  the  bend  and  polish  method 

The  Schmidt  system  and  Schmidt  corrector  plate  bend  and  polish  manufacturing 
process  have  both  been  successful  in  the  astronomical  field  each  in  their  own  way. 
Ironically,  the  most  prominent  application  of  Schmidt  systems  has  been  in  large 
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sizes  above  1  meter  aperture,  where  the  bend  and  polish  method  has  not  found 
favour,  unlike  for  smaller  systems.  On  the  other  hand,  for  the  facets  of  the  Keck 
10m  primary  mirror  the  initial  optical  working  was  done  using  an  adaptation  of  the 
Schmidt  method  [2]  and  completed  by  using  ionic  figuring. 

Fig.3  shows  a  refracting  system  which  is  exactly  equivalent  to  the  nlasgiral 
catadioptric  Schmidt  system.  In  this  case  the  corrector  plate  does  not  have  the  same 
profile  as  in  the  reflecting  case,  and,  for  the  same  focal  ratio,  the  corrector  plate 
shown  in  fig.3  requires  a  stronger  aspheric  profile  than  the  classical  system  shown 
in  fig.l,  because  the  spherical  aberration  of  a  single  lens  is  greater  than  that  of  a 
single  mirror  of  the  same  focal  length. 


Fig 3  The  lens  version  of  the 
system  shown  in  figl 

In  the  more  commercial  business  of  manufacturing  compact,  catadioptic  flat- 
field  Schmidt-Cassegrain  systems  for  smaller  scale  astronomical  telescopes,  the 
Schmidt  method  of  aspheric  manufacture  has  been  adapted  by  using  a  vacuum  bed 
of  the  opposite  aspheric  profile  to  that  required  on  the  final  corrector  plate  [3], 

For  the  development  of  wide  field  high  resolution  microlithographic  reduction 
objectives,  the  current  situation  is  that  if  the  cost  of  manufacture  of  these  systems  is 
to  be  held  within  reasonable  bounds  [5]  it  looks  as  though  the  way  forward  is  to 
reduce  the  number  of  components  required  by  the  use  of  aspheric  optical  surfaces. 
The  bend  and  polish  method  of  manufacture  is  likely  to  have  a  role  to  play  in  this 
new  development  in  this  technology,  because  it  is  potentially  the  most  reliable 
manufacturing  method  for  aspheric  surfaces. 

More  directly,  the  bend  and  polish  method  of  aspheric  manufacture  is  of 
potential  importance  for  the  correction  of  the  residual  aberrations  of  conventional 
spherically  surfaced  optical  systems.  A  typical  application,  where  the  residual 
zonal  spherical  aberration  of  (for  example)  a  simple  cemented  aohmmat  may  be 
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corrected  using  a  double  sided  bend-and-polish  manufactured  corrector  plate  is  in 
hand  with  us,  as  a  practical  demonstration  of  the  method. 

Further  examples  for  the  potential  application  of  the  bend  and  polish 
technique  are  doublet  corrector  plates  that  can  be  used  to  correct  the  residual 
chromatic  aberration  of  the  normal  conventional  corrector  plate  and,  more  subtly, 
for  the  correction  of  the  typical  chromatic  variation  of  the  spherical  aberration  of 
most  achromats,  however  complex. 

All  these  applications  for  the  bend  and  polish  process  rely  on  an  accurate 
model  for  the  elastic  deformation  of  a  plate  under  various  loading  conditions,  and 
it  is  this  that  has  stimulated  this  work. 


3  The  error  in  the  assumed  paraboloic-catenary  deformation  of  a 
circular  plate  when  deformed  by  partial  vacuum  on  a  simply 
supporting  vacuum  cup-chuck 

Fig.4  shows  the  difference  between  a  true  paraboloid  and  the  parabolic-catenary 
that  is  predicted  by  a  standard  closed-form  analytical  expression  for  a  simply 
supported  circular  glass  plate  (reference  [6],  case  1,  Table  X,  pl94-195). 


3W(m2  -l)f(S/»  +  l)a2  |  r4 ( 3m  +  \)r 2 

8  nm2t2  2(/w  +  l)  la2  m  + 1 


(2) 


As  can  be  seen  in  fig.4,  the  error  in  the  parabolic  assumption  in  this  case  is 
approximately  1  wavelength  of  (visible  light)  on  the  deformed  surface 
(approximately  0.5  wavelength  on  the  transmitted  wavefront).  This  of  course  is  a 
result  that  can  be  directly  scaled  for  any  diameter  or  thickness  of  the  plate  using  all 
the  terms  in  equation  (2). 


-  Edge  contact 
paraboloid 


—  Analytical 
Finite  element 


Figi  The  difference  between  the  catenary 
sag  of  a  partial  vacuum  deformation 
of  a  circular  plate  and  a  paraboloid 
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The  significance  of  fig.4  lies  in  the  form  and  the  magnitude  of  the  difference 
between  a  paraboloid  and  the  surface  generated  by  the  elastic  deformation.  Because 
the  form  of  this  difference  curve  varies  as  rA ,  just  as  the  spherical  aberration  of  a 
spherical  concave  mirror  or  a  simple  spherical  convex  lens  does,  it  represents  a 
direct  addition  to  the  magnitude  of  the  aberration  correction  that  is  required  in  the 
Schmidt  case. 


4  An  example  of  the  application  of  finite  element  methods  to  predict  the 
elastic  deformation  of  circulary  symmetric  glass  plates 


For  the  case  of  a  circular  glass  plate,  whether  it  is  initially  flat  and  parallel  or 
whether  it  is  aspheric,  the  best  way  to  compute  the  deformation  under  vacuum 
loading,  or  under  the  influence  of  a  circularly  symmetric  mechanical  brace  loading, 
is  to  use  a  closed  analytical  solution  for  the  surface  deformation.  As  we  shall  see 
the  numerical  result  are,  by  definition,  smooth,  and  apparently  correct  (as  judged 
in  comparison  with  finite-element  computed  surface  deformations  and  by  the 
circumstantial  agreement  between  different  sources  [7]).  They  have  a  respectable 
analytical  pedigree  (see  ref  [6]  ,  preface)  and  they  are  of  course  rapid  in 
computation. 

For  the  purpose  of  non  rotationally  symmetric  geometries,  and  for  checking 
flat  and  aspheric  circularly  symmetric  geometries,  the  alternative  method  of  finite 
element  computation  is,  at  least  in  principal,  readily  to  hand  in  off-the-shelf 
software,  and  fig.  5  shows  a  comparison  between  a  closed  analytical  solution  and  a 
finite  element  computation  of  the  partial  vacuum  deformation  of  a  circular  plate  of 
uniform  thickness  made  from  Schott  BK7  glass  (the  most  frequently  encountered 
borosilicate  crown  optical  glass). 
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Tig 5  The  detail  of  the  difference  between  the 

finite  element  and  the  analytical  computation 
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What  we  see  in  fig.  5  is  (a)  a  small  difference  in  the  maximum  deformation  (of 
approximately  X/5  of  visible  light)  and  (b)  an  essentially  parabolic  error  curve 
which  is  computed  as  the  difference  between  the  finite  element  computed  curve 
and  the  closed-form  analytical  computation. 
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We  describe  the  recent  progress  and  intrinsic  limitations  of  the  technology  of  mi- 
cromachined  membrane  deformable  mirrors  (MMDM). 


1  Technology  and  environmental  limits 

Micromachined  membrane  deformable  mirrors  (MMDM)1’2  represent  an  at¬ 
tractive  alternative  to  the  conventional  deformable  mirror  technology  because 
they  are  cheap,  small,  consume  little  power  and  can  be  operated  with  in  a  kilo¬ 
hertz  frequency  range.  MMDM  feature  high  actuator  density,  in  some  sense 
filling  the  niche  between  thin-plate  and  bimorph  deformable  mirrors  (actuator 
spacing  of  the  order  of  centimeters)  on  one  side  and  surface  micromachined 
SLM  (TI  DMD)  on  the  other. 

A  typical  MMDM  is  formed  by  a  flexible  tensed  membrane  suspended  on  a 
silicon  frame  over  a  structure  of  electrostatic  actuators  -see  Fig.  1. 

The  mirror  membrane  should  satisfy  the  following  requirements: 

•  good  mechanical  strength; 

•  combination  of  lateral  tension,  membrane  surface  density  and  membrane 
size,  securing  the  first  resonance  frequency  of  the  membrane  to  be  higher 
than  the  its  typical  working  frequency,  typically  in  the  range  1Hz  to 
5kHz; 

•  high  mechanical  polish  and  high  reflectivity. 

If  the  membrane  area  is  not  larger  than  5cm2,  the  best  results  can  be  ob¬ 
tained  with  LPC VD-deposited  silicon  nitride  films,  released  using  bulk  silicon 
micromachining* .  The  thickness  of  the  membrane  can  reach  0.8/xm,  with  a  typ¬ 
ical  value  in  the  range  500..600nm.  The  reflective  coating,  deposited  on  such  a 
thin  substrate  can  dramatically  change  its  mechanical  properties,  for  instance 
aluminum  coatings  evaporated  from  tungsten  boat  are  compressively  stressed 
and  can  therefore  reduce  the  tension  of  the  membrane  mirror  improving  its 
voltage  sensitivity  and  reducing  its  speed  of  response.  Too  thick  coating  can 
result  in  overall  compressive  stress  in  the  membrane  leading  to  its  catastrophic 
failure. 
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Figure  1:  Fabrication  technology  for  a  small  silicon-mounted  MMDM  used  for  fabrication  of 
MMDM  up  to  15mm  in  diameter  (left),  a  custom  made  MMDM  with  membrane  diameter 
of  50mm  (right). 


Large  mirrors  (up  to  5cm  in  diameter)  can  be  fabricated  using  composite 
nitride-polysilicon-nitride  membranes  with  a  thickness  up  to  20/tm.  The  ten¬ 
sion  of  a  composite  membrane  is  defined  by  the  nitride  layer  as  polysilicon 
can  be  fabricated  with  near-zero  stress.  These  mirrors  have  lower  resonance 
frequency  and  slower  response  than  the  mirrors  with  a  nitride  membrane.  Al¬ 
though  no  tests  were  conducted,  they  should  have  higher  resistance  to  pulsed 
laser  load  as  they  have  much  higher  thermal  capacity. 

The  thermal  behavior  of  membrane  mirror  under  low  and  high  temperature 
depends  on  the  ratio  of  thermal  expansion  coefficients  of  the  silicon  frame  and 
the  membrane  material.  Thermal  expansion  of  nitride  is  lower  than  that  of 
silicon,  therefore  the  tension  of  the  membrane  will  be  reduced  at  low  temper¬ 
atures  -  silicon  frame  will  contract  stronger  than  the  membrane.  At  higher 
temperatures  the  tension  of  the  membrane  will  increase  due  to  stronger  ex¬ 
pansion  of  the  silicon  frame.  This  analysis  is  valid  only  for  the  case  when  the 
mirror  temperature  changes  as  a  whole.  For  the  case  of  CW  laser  load,  the 
temperature  of  loaded  membrane  will  be  lower  than  the  temperature  of  silicon 
frame,  reducing  the  membrane  tension  locally. 

Environmental  limits  of  MMDM  depend  mainly  on  the  package  design.In  the 
case  of  “standard”  PCB  package  with  PGA  connector  on  the  back  side,  the 
mirror  is  operational  in  the  temperature  range  -70  . . .  150C.  This  range  can  be 
extended  to  its  low  side  by  using  a  cryogenic-certified  connectors  for  electric 
contacts.  For  operation  at  temperatures  higher  than  150C  the  package  should 
be  implemented  using  ceramic  printed  substrata. 
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With  respect  to  the  ambient  humidity,  MMDM  has  properties  similar  to  any 
other  reflective  optical  component.  A  special  attention  should  be  paid  to  the 
situations  when  MMDM  is  introduced  to  warm  ambient  as  this  may  cause  va¬ 
por  condensation  on  the  mirror  surface,  temporarily  affecting  the  performance. 

2  Correction  precision,  range  and  the  number  of  actuators 

The  mirror  membrane  is  fixed  along  its  edges.  To  eliminate  the  influence  of 
fixed  boundary  conditions,  the  light  aperture  should  occupy  approximately 
the  central  50%  of  the  mirror  surface.  For  example,  if  a  membrane  mirror 
has  an  aperture  of  15mm,  only  the  central  area  of  10mm  in  diameter  can  be 
used  for  functional  correction  of  wavefront  aberrations.  To  ensure  best  spatial 
resolution,  the  array  of  electrostatic  actuators  is  also  placed  under  the  central 
area  of  the  membrane,  occupying  only  about  60%  of  the  membrane  area. 

The  design  of  a  micromachined  deformable  mirror  allows  deflection  of  the  mir¬ 
ror  surface  only  in  the  direction  of  the  control  electrodes,  corresponding  to 
a  positive  curvature  of  the  mirror  surface.  To  be  able  to  correct  an  aberra¬ 
tion  that  has  both  positive  and  negative  curvature,  the  mirror  surface  should 
be  pre-deformed  to  a  concave  spherical  shape,  having  a  weak  positive  optical 
power  in  the  biased  “zero”  position  -  see  Fig.  2.  The  surface  displacement 
of  the  biased  mirror  surface  limits  the  amplitude  of  the  corrected  aberration, 
moreover  the  correction  amplitude  and  precision  depends  on  the  characteristic 
size  of  the  aberration  to  be  corrected. 


correction 
range 


surface  at  maximum  deflection 


biased  surface 
non-deformed  surface 


Figure  2.  Biased  operation  of  micromachined  adaptive  mirror.  All  possible  mirror  deflections 
are  limited  by  the  initial  flat  surface  and  the  surface  of  maximum  deflection.  The  biased 
surface  between  these  two  surfaces  provides  an  approximately  equal  amount  of  convex  and 
concave  deflection.  The  light  aperture  should  always  be  inside  the  clear  aperture  to  eliminate 
the  influence  of  the  fixed  membrane  boundary. 


The  bias  curvature  Cb  =  1/Rb,  where  Rb  is  the  radius  of  biased  surface,  should 
be  equal  to  the  half  of  the  maximum  achievable  curvature  Cmax  =  1  /Rmax  = 
2/ (Rb).  The  range  of  curvature  control  is  limited  by  the  curvature  of  the  biased 
membrane.  The  shape  of  the  membrane  s(x)  -  that  is  needed  to  correct  for 
a  hypothetic  harmonic  aberration  -  can  be  described  by  a  harmonic  function 
with  a  period  T  and  amplitude  A:  s{x )  =  A  sin(27rx/T')  -  for  simplicity  we 
consider  a  one-dimensional  case.  The  curvature  of  the  membrane  C(x)  = 
4n“A/T2sixi(2irx/T)  is  limited  by  the  value  of  47 t2A/T2.  This  value  (positive 
or  negative)  can  not  exceed  the  absolute  value  of  the  bias  curvature  given  by 
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\1/Rb\.  The  amplitude  of  achievable  harmonic  deformation  of  the  membrane 
mirror  is  given  by: 


A 


m  — 


rjy  2 

4ir2Rb 


(1) 


where  T  defines  the  characteristic  size  of  the  aberration  to  be  corrected.  Finally 
the  achievable  P-V  correction  amplitude  in  terms  of  wavefront  deformation  will 
be  four  times  larger  (P-V  amplitude  of  a  harmonic  function  is  two  times  larger 
than  its  amplitude,  further  the  phase  deformation  equals  to  doubled  mirror 
surface  deformation),  yielding  for  P-V  amplitude  of  wavefront  correction: 


a  _  Jl_  _  _J_  (2\ 

Awf  n2Rb  ir2fRt 

where  /  is  the  spatial  frequency  of  the  surface  deformation.  For  aberrations 
with  a  spatial  period  smaller  than  the  mirror  aperture,  the  membrane  correc¬ 
tor  represents  a  low-frequency  filter,  with  a  maximum  amplitude  of  corrected 
aberration  decreasing  with  aberration  spatial  frequency  by  40dB  per  decade  or 
12dB  per  octave.  For  the  typical  values  of  our  system  T  =  1cm  and  Rb  =  4m 
-  aberration  over  the  whole  aperture  -  the  maximum  amplitude  of  correction 
equals  2/zm  while  for  a  local  aberration  with  T  =5mm  the  maximum  amplitude 
of  correction  is  almost  an  order  of  magnitude  lower  and  equals  only  0.5/rm. 

Equation  2  defines  the  maximum  amplitude  of  the  wavefront  that  can  be  cor¬ 
rected  as  a  function  of  the  aberration  period  T.  A  is  the  maximum  amplitude 
of  a  wavefront  with  a  spatial  period  ofTmin,  that  still  can  be  corrected  by  the 
mirror.  Wavefronts  with  larger  amplitude  and/or  smaller  periods  can  not  be 
corrected. 


Tmin  =  7T \J  RbA  (3) 

Assuming  the  mirror  diameter  is  D  and  we  need  at  least  4  actuators  to  correct 
an  aberration  with  a  spatial  period  T,  the  total  number  of  actuators  providing 
correction  with  amplitude  precision  A  and  period  Tmin 


N  = 


16.D2 

7 T2RbA 


(4) 


For  a  deformable  mirror  with  light  aperture  of  D  =  10mm,  Rb  =  5m  and 
A  =  10~7m  we  have  Tmin  ~  2mm  and  N  ~  400.  For  comparison,  the  real 
device  has  only  N  =  37  actuators.  For  a  mirror  with  D  =  35mm,  Rb  =  20m 
and  A  =  10-'m  we  obtain  Tm,n  ~  4.5mm  and  N  ~  800.  As  we  made  no 
assumption  about  the  nature  of  the  deformable  mirror  response,  this  analysis 
is  valid  in  general  for  any  curvature-limited  deformable  mirror  device. 
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Discussion 

Technological  limitations  define  the  parametric  area  in  which  the  performance 
of  MMDM  is  optimal.  At  present  the  following  technical  parameters  are  feasi¬ 
ble: 


Membrane  dimension 
Membrane  shape 


Membrane  thickness 
Coating 

Coating  thickness 
Response  time 
80%  amplitude 
Maximum  reflectivity 

Surface  deflection 
Initial  flatness 

Bias  curvature  (ROC) 
Maximum  control  voltage 
(typical) 

CW  power  load 
Packaging 


Nitride  MMDM 
1mm  to  25mm 
rectangular 
circular 
elliptical 
400nm  to  800nm 
metals,  dielectrics 
up  to  2pm 

200ps  to  5ms 
98.8% 

10pm  for  a  15mm  mirror 
0.5pm  P-V  over  15mm 
150nm  RMS  over  15mm 
5m  for  a  15mm  aperture 

200V 

80W  in  a  5mm  beam 
printed  board 


Composite  MMDM 
1mm  to  50mm 
rectangular 
circular 
elliptical 
lpm  to  10pm 
metals,  dielectrics 
up  to  2pm 

lms  to  20ms 
89%  Al-coated 
no  data  for  multilayer 
33pm  for  a  50mm  mirror 
5pm  P-V  over  35mm 
450nm  RMS  over  35mm 
20m  for  a  50mm  aperture 

330V 

no  data  available 
printed  board  with 
mechanical  adjustments 


Table  1:  Performance  limits  for  nitride  and  nitride-polysilicon  MMDM  (as  of  July  1999). 
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Liquid  crystal  wavefront  correctors  have  traditionally  been  used  as  zonal  wavefront  correctors, 
whereby  the  influence  function  is  usually  piston-only  over  the  area  defined  by  the  device  pixels. 
By  applying  a  distributed  voltage  across  the  device,  a  continuous  LC  cell  may  produce  modal 
wavefront  deformations.  In  this  paper  we  will  describe  the  concept  of  modal  liquid  crystal 
wavefront  correctors,  review  some  of  the  current  results. 


1  Introduction 

Liquid  crystal  spatial  light  modulators  (LC-SLMs)  are  an  alternative  to  the 
deformable  mirror  in  an  adaptive  optics  system.  They  are  particularly  attractive  for 
non-astronomical  applications  where  low  cost,  compactness,  and  low  power 
consumption  may  be  more  important.  Their  main  drawback  is  their  slew  rate, 
which  is  much  slower  than  that  for  a  deformable  mirror.  There  are  several  papers 
in  these  proceedings  describing  work  using  LC-SLMs.  They  modulate  optical  path 
length  by  refractive  index  control,  instead  of  real  path  length  adjustment. 

Most  LC-SLMs  are  zonal  wavefront  correctors.  In  other  words,  the  device  is 
addressed  via  electrodes  leading  to  an  actuator  (or  pixel),  and  the  refractive  index 
is  modulated  over  an  area  localised  to  the  size  of  the  pixel.  The  desired  wavefront 
shape  is  built  up  in  a  series  of  steps.  These  devices  are  analogous  to  a  segmented 
mirror,  except  that  in  a  mirror  the  influence  function  is  generally  tip-tilt-piston, 
and  in  a  LC-SLM  the  influence  function  is  piston-only.  See,  for  example, 
references  [2,3]  for  papers  on  zonal  LC-SLMs.  Some  authors  [1]  have  noted  that 
these  pixelated  structures  can  give  rise  to  diffraction  at  the  pixel  boundaries.  This 
is  true  for  any  zonal  wavefront  corrector,  but  the  fact  that  the  influence  function  is 
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piston-only  means  that  the  fitting  error  is  larger  for  a  LC-SLM  than  for  a 
deformable  mirror  for  a  given  number  of  actuators. 

In  this  paper  we  describe  how  to  produce  a  LC-SLM  with  a  non-local 
influence  function.  Such  devices  do  not  have  a  pixelated  electrode  structure,  and 
are  analogous  to  continuous  facesheet  mirrors.  We  proceed  by  describing  the 
simplest  devices,  prisms  and  lenses,  and  then  describe  a  full  modal  LC-SLM 
wavefront  corrector. 


2  Liquid  crystal  prisms 


The  simplest  type  of  LC  device  is  a  LC  prism  [4].  An  approximately  linear  phase 
ramp  is  produced  by  using  a  single  LC  cell,  and  applying  a  voltage  ramp  along  one 
of  the  electrodes,  as  shown  in  the  following  figure  1. 


(a) 

control  LC 


contact  electrode  layer  contact 


(b) 


®l 


Distance  along  LC  Cell 


Figure  1.  A  liquid  crystal  prism  (or  beam  deflector)  produced  using  a  single  LC  cell,  (a)  A  voltage  ramp  is 
applied  along  the  top  electrode  so  that  there  is  a  maximum  voltage  (typically  10V  rms  AC)  across  the  left 
hand  side  of  the  cell,  which  linearly  decreases  to  OV  across  the  right  hand  side.  The  corresponding  voltage 
and  phase  profiles  are  shown  in  (b).  The  phase  profile  assumes  that  the  phase  shift  is  a  linear  function  of 
voltage,  which  is  only  approximately  true  over  a  limited  range  of  the  LC  dynamic  range. 


In  the  LC  prism,  the  electrical  properties  of  the  actual  device  have  been  ignored. 
This  is  acceptable,  assuming  that  the  applied  frequency  is  relatively  small  and  the 
top  electrode  resistance  is  relatively  small.  In  this  case  the  voltage  simply  falls 
linearly  across  the  cell. 


3  LC  lens 

It  is  possible  to  use  the  actual  electrical  properties  of  the  LC  cell  produce  more 
complicated  voltage  profiles  across  the  device  [5].  In  this  case  it  is  necessary  to  use 
a  high  resistance  top  electrode,  and  higher  frequency  control  voltages,  as  shown  in 
figures  2  and  3.  The  LC  cell  can  be  modeled  similarly  to  a  transmission  line, 
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whereby  there  is  a  distributed  resistance 
(the  top  electrode),  and  a  distributed 
capacitance  and  conductance  (produced  by 
the  LC  layer).  The  resulting  phase  and 
voltage  profile  is  shown  in  figure  4. 

Figure  2.  A  LC  lens.  This  is  similar  to  a  LC  prism, 
except  that  the  top  electrode  needs  to  be  have  much 
higher  resistance  (~M£2),  and  a  AC  voltage  is  applied  to 
both  ends  of  the  top  electrode,  (b)  and  (c)  show  the 
geometries  necessary  to  produce  a  cylindrical  and 
circular  lens  respectively 


Figure  3.  The  electrical  equivalent  of  the  LC  lens 
shown  in  figure  2.  Voltage  V  is  applied  to  either  end. 
The  series  of  resistors,  R,  correspond  to  the  top 
electrode,  and  the  series  of  capacitors  and 
conductances,  C  and  G,  correspond  to  the  LC  layer. 
Note  the  similarities  with  a  transmission  line. 
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Figure  4.  Corresponding  voltage  a  phase  profile 
across  a  LC  lens,  using  the  circuit  shown  in  figure  3. 
In  this  case  a  realistic  voltage-phase  relationship  was 
used  in  the  calculation. 

solution  of  the  equation  is  complicated  by 


The  voltage  profile  across  the  device  is 
described  by  the  following  second  order 
partial  differential  equation. 


d2V 

dx2 


dV 

=  RC  — —  +  RGV 
dt 


where  V,  is  the  voltage,  R  is  the  sheet 


resistance  of  the  top  electrode,  and  C 


and  G  are  the  capacitance  and 


conductance  per  unit  length  of  the  LC 
layer.  The  above  equation  is  for  a  1-d 


(cylindrical  lens).  A  similar  equation 
applies  for  the  2-d  (circular)  lens.  A  full 
the  fact  that  both  R  and  G  are  functions 


of  the  voltage,  V.  The  control  of  a  LC  lens  is  described  in  more  detail  in  reference 


[6]. 

The  following  analogy  can  be  used  to  further  understand  the  principle  of  a 
modal  LC  lens.  Imagine  a  thin  rubber  membrane  on  metal  ring.  If  this  membrane 
is  placed  in  a  liquid  and  the  ring  vibrates  perpendicularly  to  the  membrane  surface, 
then  the  resulting  membrane  oscillations  will  be  larger  at  the  edge  than  at  the 
centre.  The  amplitude  and  frequency  of  the  forced  oscillations  determine  the  profile 
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of  the  membrane.  The  amplitude  of  the  AC  voltage  across  the  lens  aperture 
behaves  in  a  similar  fashion. 

Figure  5  shows  a  LC  lens  placed  with  its  optical  axis  at  45°  between  crossed 
polarizers  (equivalent  to  an  interferometric  arrangement).  The  focal  length,/,  can 
be  calculated  using  the  following  equation, 


/  = 


7lP2 

4A<a  ’ 


where  D  is  the  lens  diameter,  A<p  is  the  variation  in  phase  from  the  centre  to  the 


edge  of  the  lens,  and  A  is  the  wavelength.  The  focal  lengths  produced  long  due  to 
the  finite  stroke  of  the  LC  cell.  Currently  achievable /-ratios  are  from  ~ 100  to 


Figure  6  shows  an  example  of  a  LC  lens  producing  an  image. 


5V  1kHz  5V  6kHz  5V  9kHz 


IV  5kHz  6V  5kHz  9V  5kHz 


Figure  5.  Interferograms  (produced  by  placing  the  device  between  crossed  polarizers)  from  a  spherical  LC 
lens,  for  different  values  of  applied  voltage  (rms)  and  frequency. 


Figure  6.  Example  of  a  LC  lens  producing  an  image.  (Left)  lens  off,  system  adjusted  to  give  a  good  focus. 
(Middle)  System  mechanically  adjusted  to  induced  defocus.  (Right)  LC  Lens  turn  on  to  correct  for  induced 
defocus. 

Figure  7  shows  the  PSF  from  a  LC  lens  compared  to  an  ordinary  lens. 
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Figure  7.  PSFs  produced  by  a  LC  lens  by  passing  a  beam  of  laser  light  through  a  lens,  followed  by  a  CCD 
camera.  The  left  image  shows  the  scale,  where  each  major  unit  is  1mm,  and  the  sub-units  are  100  pm. 

A  LC  lens  can  obviously  be  used  as  a  variable  focal  length  lens.  It  can  also  be 
used  as  a  defocus  corrector  in  an  adaptive  optics  system.  By  carefully  controlling 
the  applied  voltages  to  a  modal  LC  lens  it  is  possible  to  produce  non-parabolic 
phase  profiles.  For  example,  we  have  demonstrated  the  production  of  controlled 
spherical  aberration  from  +3X  up  to  -4A,  for  X  =  632.6  nm.  Such  a  device  would  be 
useful  for  the  correction  of  spherical  aberration. 


4  A  modal  LC  wavefront  corrector 

How  can  a  modal  LC  device  be  used  to  produce  more  complicated  wavefront 
shapes?  Figure  8  shows  a  modal  LC  wavefront  corrector  [7].  Individual  leads  are 
inserted  through  holes  in  the  glass  substrate,  and  make  contact  with  a  high 
resistance  continuous  electrode.  The  dielectric  mirror  reflects  light  and  means  the 
device  works  in  reflection  mode.  Each  lead  corresponds  to  an  actuator.  The 
impulse  function  around  each  actuator  can  be  controlled  by  adjusting  the  applied 
voltage  and  frequency.  Figure  9  shows  an  interferogram  from  the  central  area  of  a 
16x16  actuator  modal  LC  device. 


Figure  8.  A  modal  LC  wavefront 
corrector.  Each  of  the  addressing 
leads  leading  from  the  bottom  of 
the  device  makes  contact  with  the 
continuous  high  resistance 
electrode,  through  the  dielectric 
mirror.  The  impulse  function 
around  each  lead  can  be 
controlled  by  altering  the  applied 
voltage  and  frequency. 
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Figure  9.  Interferogram  from  the  central  area  of  a  16x16  actuator  modal  LC  wavefront  corrector.  The 
applied  voltage  was  5  V  rms,  at  frequencies  of  lKHz,  lOKHz,  and  lOOKHz,  respectively. 


5  Conclusion 

Modal  addressing  of  LC  devices  allow  a  continuous  phase  profile  to  be  produced. 
They  have  the  advantage  that  the  fitting  error  will  be  less  than  a  pixelated  device 
for  a  given  number  of  actuators.  This  may  mean  that  LC  wavefront  correctors  can 
be  produced  with  a  very  large  number  of  actuators,  and  with  a  very  high  fill  factor 
(unity),  which  is  difficult  to  achieve  currently. 
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CHARACTERISTIC  OF  A  NOVEL  SMALL  PZT  DEFORMABLE  MIRROR 


N1NG  LING,  XUEJUNRAO,  LAN  WANG,  SHILONGJIAO 
Institute  of  Optics  and  Electronics,  Chinese  Academy  of  Sciences,  P.  O.  Box  350,  Shuangliu, 
Chengdu  610209,  China.  E-mail:  whjiang@mail.sc.cninfo.net 

A  19-eleraent  small  PZT  deformable  mirror  with  outer  diameter  24mm  has  been  developed. 

In  this  paper,  the  characteristics  of  this  DM  such  as  influence  function,  hysteresis  and  non¬ 
linearity  of  deformation,  resonance  frequency  are  reported.  The  fitting  capability  of  the  DM  to 
the  lower  order  Zernike  aberrations  is  investigated  experimentally.  The  results  are  reported. 


1  Introduction 

Deformable  mirror  (DM)  is  the  key  element  of  adaptive  optics  (AO)  system.  The 
size,  volume  and  cost  of  DM  decide  that  of  the  adaptive  optical  system  to  a  certain 
extent.  Several  types  of  DMs  were  developed  in  our  Lab[l].  The  main  specifications 
of  these  DMs  are  listed  in  Table  1.  There  are  two  kinds  of  DMs,  monolithic  PZT 
and  integrated  by  discrete  PZT  stacks.  The  voltage  sensitivity  of  deformation  of  the 
monolithic  DM  is  small  and  the  diameters  of  the  DMs  with  PZT  stacks  are  rather 
large  (>7Qmm).  In  order  to  reduce  the  size  and  cost  of  AO  systems  for  some 
applications,  a  novel  small  DM  made  by  PZT  has  been  developed.  In  this  paper,  the 
specifications  of  this  small  DM  as  well  as  the  experimental  results  of  fitting 
capability  to  the  low  order  Zernike  aberrations  will  be  reported. 


Table  1.  Deformable  mirrors  developed  in  IOE,  CAS 


Type 

Monolithic 

PZT  stack  actuator 

Number  of 
actuators 

21 

m 

21 

37/55 

61 

$50 

ESI 

$50 

$100 

$120 

±0.8 

±1.5 

±2.5 

±1.5 

±2.0 

Max.  voltage  V 

±1000 

±700 

±650 

±400 

±300 

Resonance 
frequency  Hz 

19K 

10K 

8K 

7K 

5K 

2  Description 

The  specifications  of  the  small  DM  are  as  follows: 
1.  Diameter  of  mirror:  24mm, 
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2.  Clear  aperture:  20mm, 

3.  Number  of  actuators:  19, 

4.  Maximum  deformation:  ±lpm, 

5.  Maximum  voltage:  ±700V, 

6.  Hysteresis  and  non-linearity:<  ±4%, 

7.  Resonance  frequency:  >30kHz. 

Figure  1  is  the  photo  of  the  DM.  Figure  2  shows  the  configuration  of  its  actuators. 
The  curve  of  deformation  versus  voltage  is  shown  in  Figure  3,  from  which  one  can 
see  that  the  hysteresis  and  non-linearity  are  very  small.  Figure  4  shows  the  surface 
deformation  of  the  mirror  when  voltages  are  applied  at  actuators  of  different 
positions  separately.  From  these  influence  function  curves,  the  couplings  of  the 
central  actuator,  which  is  the  deformation  at  the  center  of  neighboring  actuator,  is 
7.5%.  The  couplings  of  the  edge  actuator  and  actuator  at  the  second  ring  are  15% 
and  10%  respectively.  From  the  amplitude  and  phase  response  shown  in  Figure  5, 
there  is  no  resonance  between  0~30kHz.  The  mirror  has  very  fast  response  speed. 


Figure  2.  Configuration  of  actuators. 


Figure  5.  Frequency  response  of  the  DM. 
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3  Fitting  capability  to  low  order  Zernike  aberrations 

The  fitting  capability  of  the  DM  to  different  low  order  Zernike  modes  were 
investigated.  The  expression  of  Zernike  modes  is 


where 


Z; 


=V^;(r>/2- 


cos(w@) 

sin(m#) 

1 


m±0,i  =  even 
m*0,i  =  odd 
m  =  0 


K{r\ 


(n-m)/  2 

:  2 

j= o 


(-iy(n-.)! 


j!  [(m  +  m)/2  -  j]l  [(n  -  m)/2  -  s]l 


,(n-2s) 


n  is  the  radial  degree,  m  is  the  azimuthal  frequency,  m<n,  n-m=even.  In  the 
experiments,  the  Zernike  modes  of  n=2,3,4  are  fitted  by  the  DM.  These  aberrations 
are  listed  in  Table  2. 


Table  2.  Aberrations  fitted  by  the  DM  in  experiments 


n 

0  1 

m 

2  3 

4 

2 

V3(2r2-l) 

V6 r2  sin  29 

defocus 

V6 r2  cos  29 

astigmatism 

V^r3  -2r)sin 9  V8r3sin3<9 

VlB^r3 -2r]cos0  V8r3  cos 36 

Coma(3rd  order) 


4  V5(6r4-6r2+l) 

Vlo(4r4  -3r2)cos20 

VlOr4  cos  49 

spherical 

VI(}(4 r4  -3r2)sin2# 

Vl0r4sin4  9 

Voltages  are  applied  to  the  actuators  of  DM[2].  The  surface  figures  are 
measured  by  a  Zygo  interferometer.  From  the  residual  wavefront,  which  is  the 
differences  between  a  given  Zernike  aberration  and  the  measured  wavefront 
produced  by  the  DM,  the  increments  of  the  voltages  at  actuators  for  reducing 
residual  wavefront  are  computed  by  wavefront  reconstruction  algorithm.  By 
adjusting  the  voltages  at  actuators,  the  rms  of  residual  wavefront  is  minimized. 
After  several  iterations,  the  residual  wavefront  comes  to  its  minimum,  which  is 
mainly  of  higher  spatial  frequency  and  cannot  be  corrected  by  the  DM. 
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Figure  6  is  an  example.  Figure  6a  is  the  given  Zemike  aberration  of 
astigmatism  (n=2,  m=2).  Figure  6b  is  the  wavefront  produced  by  the  DM.  Figure  6c 
is  the  residual  wavefront.  Figure  7  summarizes  the  experimental  results,  which 
shows  the  rms  of  the  Zemike  wavefronts  of  different  orders  and  the  rms  of  the 
minimized  residual  wavefront  corrected  by  the  DM. 

From  Figure  7,  we  can  see  that  the  fitting  capability  of  DM  decreases  with 
higher  mode  order.  It  is  obvious  that  the  spatial  frequency  of  wavefront  is  higher  for 
higher  order  and  the  DM  can  only  correct  the  aberration  of  low  spatial  frequency 
due  to  limited  number  of  actuators.  For  the  same  radial  order  n,  the  fitting  capability 
of  DM  is  better  for  higher  azimuthal  frequency  m.  From  the  radial  term  of  Zernike 
expression,  we  can  see  that  the  derivative  of  R ”  has  n-m-1  roots  along  the  radius. 
It  means  that  there  are  n-m-1  vertexes  along  a  radius  and  the  radial  frequency  is 
about  (n-m- 1) / 2 .  The  radial  frequency  is  lower  for  higher  azimuthal  order  m  of 
a  given  n,  hence  the  fitting  error  is  smaller. 


n=2,m=0  n=2.m=0  n=3,m=1  n=3,m=3  n=4,m=0  n=4,m=2  n=4,m=4 
Aberration  modes 

■ . ♦  Zernike  aberration  —±—  residual  aberration 

Figure  7.  Fitting  capability  of  the  DM  to  low  order  Zemike  aberrations. 


4  Conclusion 

The  novel  small  DM  has  low  hysteresis  and  non-linearity,  very  high  resonance 
frequency  and  appropriate  coupling  between  neighboring  actuators.  These 
specifications  make  it  suitable  for  high-speed  adaptive  optical  systems.  The  fitting 
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capability  to  low  order  Zemike  modes  are  investigated  experimentally.  Results 
shows  that  it  can  correct  aberrations  up  to  n=4  and  m=4.  Fitting  error  is  smaller  for 
larger  azimuthal  frequency  m  with  the  same  radial  order  n. 
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1  Introduction 

OSL  has  been  at  the  forefront  of  the  development  of  large  adaptive  mirror  technology. 
Though  the  original  focus  for  this  work  was  the  development  of  adaptive  secondary 
mirrors  for  large  telescopes,  the  technology  developed  is  directly  applicable  to  other 
fields  such  as  high  power  laser  beam  forming.  OSL  has  undertaken  a  series  of 
commissioned  studies  [1,  2,  3],  that  have  demonstrated  the  optical  efficiency,  and 
mechanical  feasibility  of  performing  adaptive  correction  with  large  deformable  metal 
mirrors. 

OSL  has  built  and  tested  a  prototype  adaptive  metal  mirror  (see  figures  1,2,3).  The 
approach  is  innovative  in  its  combination  of  modem  aluminium  mirror  technology 
(formed  as  a  thin  meniscus)  with  the  adaptive  function.  The  prototype  consists  of  a 
270mm  diameter  mirror  faceplate  to  the  back  of  which  are  interfaced  7  magnetostrictive 
actuators  via  flexure  couplings.  These  in  turn  are  connected  to  a  rigid  aluminium 
backing  (or  reaction)  plate  against  which  the  forces  react.  The  faceplate  is  manufactured 
from  a  10mm  thick  aluminium  alloy  sheet  and  has  a  concave  spherical  surface  with  a 
radius  of  curvature  of  2955mm. 

The  magnetostrictive  actuators  used  in  the  demonstrator  contain  a  strain  gauge 
position  feedback  system,  which  can  be  used  in  a  control  loop  to  compensate  for  the 
hysteresis  properties  of  the  actuators,  thus  linearizing  the  mirror  response.  The  flexure 
couplings  used  to  interface  the  actuators  to  the  faceplate  have  been  designed  to  satisfy 
the  conflicting  requirements  of  flexibility  for  accommodating  mirror  motion  and 
stiffness  for  maintaining  radial  support  and  high  resonant  frequency.  The  couplings  have 
also  been  designed  to  allow  quick  and  easy  removal  and  replacement  of  broken  or 
damaged  actuators. 

The  use  of  aluminium  alloy  as  a  faceplate  material  provides  several  advantages 
over  the  conventional  glass-ceramic  materials.  These  are:- 
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Ten  times  the  yield  strength  of  polished  glass,  and  fifty  times  that  of  ground  or 
damaged  glass,  so  aluminium  mirrors  are  robust.  They  are  therefore  ideally  suited  to 
surviving  the  many  stress-cycles  suffered  by  deformable  (active  and  especially  adaptive) 
mirrors,  particularly  at  a  location  above  a  primary  mirror  where  stress-failure  could  be 
catastrophic. 

Unlike  glass,  large  aluminium  substrates  can  be  machined  to  a  few  microns 
precision  using  standard  low-cost  industrial  engineering  facilities.  This  impacts 
favourably  on  schedule  as  well  as  cost. 

Aluminium  mirrors  and  associated  aluminium  structural  components  can  be 
machined  by  normal  metal  working  shops,  can  be  light-weighted  by  standard  milling, 
and  can  take  tapped  holes  etc  for  fixtures.  This  again  can  reduce  production  costs. 

High  thermal  diffusivity,  which  leads  to  temperature  differences  across  the  mirror 
being  rapidly  equalised.  This  means  the  mirror  figure  is  not  distorted  despite  the  high 
thermal  expansion  coefficient.  The  mirror  will  also  follow  the  ambient  temperature 
closely  eliminating  mirror  seeing  effects.  The  mirrors  can  also  be  easily  cooled  if 
required. 

A  similar  glass-ceramic  faceplate  would  be  highly  vulnerable  to  damage  when 
removed  from  the  application  environment  (e.g.  for  cleaning,  aluminising,  or 
maintenance  of  the  actuators  or  control  electronics).  A  minor  or  even  possibly 
microscopic  defect  could  act  as  a  stress-concentration  that  could  lead  to  catastrophic 
failure  in  service  at  an  indeterminate  time  in  the  future. 

In  producing  the  aluminium  faceplate  the  machining  and  grinding  process 
introduces  residual  stresses  in  the  material  that  can  effect  the  final  figure.  These  stresses 
are  removed  by  thermally  cycling  the  substrate.  The  aluminium  substrate  is  then  coated 
with  a  100-200|im  layer  of  nickel  for  final  polishing.  If  necessary  the  final  polished 
optical  surface  can  then  be  further  coated  with  conventional  coatings  (aluminium,  silver, 
etc)  to  obtain  a  high  reflectance. 

The  demonstrator  has  been  successfully  used  to  validate  important  technological 
aspects  of  the  OSL  approach  to  adaptive  mirrors.  The  manufacturing,  assembly, 
disassembly,  reassembly  and  calibration  techniques  for  an  adaptive  secondary  system 
have  been  developed  and  it  has  given  insight  into  the  replacement  of  actuators  and 
confirmed  the  previous  finite  element  analysis  of  the  actuator  influence  functions.  The 
measured  influence  functions  for  the  central  and  an  edge  actuator  are  shown  in  figure  4. 
The  ability  of  the  mirror  to  fit  various  zemike  deformations  has  also  been  measured  and 
the  fitting  for  the  four  zemike  terms  are  shown  in  figure  5.  The  system  has  been 
extensively  statically  tested  and  the  results  presented  in  recent  papers  [4,5,6]. 

Recently  initial  tip/tilt  testing  of  the  current  system  has  been  performed  with  the 
demonstrator  operated  in  closed  loop  with  a  quad-cell  sensor.  Tip/tilt  aberrations  were 
generated  with  a  rotating  glass  plate  and  figure  7  shows  the  resulting  quad-cell  sensor 
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signal  for  the  demonstrator  in  open  and  closed  loop.  As  can  be  seen  the  tip/tilt  aberration 
was  suppressed  by  a  factor  of  ~10  in  this  preliminary  experiment.  With  refurbishment 
of  the  actuators,  residual  hysteresis  and  thermal  effects  will  be  reduced  which  should 
improve  the  tip/tilt  result. 


2  Current  and  Future  Developments 

Aluminium  adaptive  mirror  technology  offers  a  potentially  inexpensive  and  reliable 
way  of  producing  large  or  mid-sized  adaptive  mirrors.  Currently  at  OSL  the  270mm 
demonstrator  is  being  tested  to  investigate  its  dynamic  performance.  The  next  planned 
stage  is  to  build  a  60cm  prototype  mirror  with  19  actuators.  Preliminary  FEA  analysis  of 
such  a  system  has  already  been  undertaken  to  investigate  horizontal  and  zenith 
deformation 

The  aluminium  mirror  technology  itself  has  been  demonstrated  at  the  large  scale  at 
OSL  by  producing  a  1.8m  diameter  mirror  (non  adaptive)  under  contract  to  the  Bin- 
foundation  (see  figure  6) 
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Figure  1 .  The  Adaptive  Secondary  Demonstrator  along  Figure  2.  A  close  up  view  of  the  mirror  actuators 
with  its  associated  drive  Electronics  and  flexure  couplings 


Figure  3.  A  view  of  the  back  of  the  demonstrator 
showing  connections  to  actuators 


Figure  4.  Measured  influence  functions  for  the 
central  (top)  and  an  edge  actuator  (bottom) 
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Figure  5.  Zeraike  terms  Z2-Z5  reproduced  by  the  Figure  6  The  Birr  1 .8m  aluminium  mirror  on  the 

demonstrator  OSL  polishing  machine 
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Aspherical  surfaces  will  be  widely  used  in  future.  Due  to  high  fringe  densities  interfero- 
metrical  evaluation  is  difficult.  Adapted  reference  surfaces  or  appropriate  compensating 
optics,  refractive  or  CGHs  can  be  used  to  reduce  the  fringe  density. 

By  implementing  an  adaptive  mirror  in  a  Twyman  Green  type  Interferometer  it  is  possible  to 
reduce  the  fringe  density  in  order  to  allow  numerical  evaluation.  As  an  example  an  aspherical 
surface  was  analysed  where  an  adapted  mirror  was  used.  For  the  evaluation  of  the  aspherical 
coefficients  ray  tracing  is  needed.  A  known  surface  was  used  for  the  calibration. 

Our  main  activity  was  to  study  the  potential  of  an  adaptive  mitTor  device  in  measuring 
aspherical  surfaces.  This  was  one  part  of  our  activities  in  the  ESPRIT  Project  MOSIS.  The 
used  membrane  mirrors  were  supplied  by  Gleb  Vdovin,  TU  Delft,  project  partner  in  MOSIS. 


1  Measurement  of  aspherical  surfaces 

The  problem  are  steep  aspherical  surfaces.  In  interferometrical  evaluations  of  these 
surfaces  this  results  in  high  fringe  densities.  Therefore  it  is  necessary  to  use  adapted 
reference  surfaces  or  additional  compensating  optics,  refractive  or  CGHs. 

By  implementing  an  adaptive  mirror  in  a  Twyman  Green  type  interferometer  we 
have  already  shown  that  it  is  possible  to  reduce  this  fringe  density  down  to 
numerically  evaluable  densities.  An  example  of  an  asphere  was  characterised  using 
this  setup.  We  introduce  our  actual  measuring  scheme,  the  scheme  of  evaluating  the 
aspherical  coefficients  by  ray  tracing  as  well  as  the  calibration.  We  mention  actual 
problems  of  the  measurements  and  propose  solutions. 


Fig.l:  Scheme  of  an  aspherical  surface 
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Symmetrical  aspherical  surfaces  are  described  as  follows  in  equation  (1). 


z(y)  = 


l  +  yi-£/?V 


■  +  b4y4  +b6y6  + . +  b2Ny 2 


Where  p  is  the  curvature  at  the  pole  of  the  surface,  s  is  the  conic  coefficient  and  z 
the  sag  of  the  surface  parallel  to  the  z-axis.  The  b;  are  the  aspheric  coefficients. 


The  main  problems  in  measurement  of  aspheres  are: 

•  High  local  slope  of  the  aspherical  surfaces. 

•  Vignetting,  even  by  high  local  slopes. 

•  Costly  and  time  consuming  designing,  fabrication,  testing  and  calibrating  of 
compensators.  Production  of  conventional  refractive  compensators  take  couples 
of  months. 

•  Low  flexibility. 

•  Aligning  procedures  for  master  or  reference  and  test  surface  are  difficult. 


2  Recent  results,  improvement  by  using  an  adaptive  micro  mirror 

Normally  in  aspheric  metrology  it  is  necessary  to  use  refractive  compensators  or 
additional  CGHs.  By  implementing  the  adaptive  mirror  in  a  Twyman  Green  type 
interferometer  it  is  shown  that  it  is  possible  to  reduce  this  fringe  density  in  order  to 
allow  numerical  evaluation. 

Our  first  set  up  worked  with  an  adaptive  reference  surface  after  passing  the  asphere 
in  transmission.  The  disadvantage  was  the  reduced  sensitivity.  The  first  generation 
adaptive  mirror  was  used. 


Fig.2:  Examples  of  set-ups  for  measuring  aspheric  lens  surfaces  in  reflection  or  transmission. 


Further  it  was  necessary  to  calibrate  the  mirror  shape  for  several  given  voltage 
distributions.  For  the  evaluation  of  the  shape  of  the  aspheres  ray  -  tracing  of  the 
compensating  optics  in  the  interferometrical  set-up  is  needed.  The  characterisation 
of  the  optical  set-up  was  done  by  ray-tracing  with  CODEV. 

For  the  first  measurements  of  reflective  aspherical  surfaces  we  investigated  aspheric 
moulds. 


Fig.4:  Interferogram  without  compensation  Fig.5:  Interferogram  after  adapting  the  reference 

by  the  adaptive  mirror  device 
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Fig.6:  Measured  aspherical  wavefront  Fig.7:  Section  of  the  measurement 
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Input  from  measurement: 

•  wavefront  deformation 
described  by  zemlke  polynomials 

*  surface  shape  of  adaptive  mirror 
as  user  defined  surface 
(Int-flle  ) 


unfolded  ray  trace 

optimisation  by  zoom  option 


Fig.8:  Scheme  of  ray  tracing.  Aberrations  introduced  by  the  optical  set  up  are  also  considered. 

This  method  is  also  especially  suitable  for  the  measurement  of  toroidal  surfaces  - 
aspheres  with  different  curvatures  in  meridional  and  sagittal  plane  and  cylindrical 
aspheres. 


3  Scheme  of  the  measurement 

1.  Adjusting  the  best  fit  reference  surface.  That  leads  to  an  optimized  voltage 
pattern  at  the  mirrors  electrodes.  The  membrane  is  deformed  in  a  way  that  we 
receive  minimised  fringe  density  in  the  interferogramm.  The  optimal 
arrangement  of  the  electrodes  utilizing  the  symmetry  is  to  group  them  in 
concentric  rings. 

2.  Measurement  with  ISTRA  using  5  step  phase  shifting  algorithm. 

3.  Calibration  of  membran  mirror  deformation.  At  first  these  deformations  are 
measured  using  a  known  reference  surface.  For  mirrors  with  a  higher  amount  of 
deflection  a  Shack  Hartmann  Sensor  may  be  used. 

4.  By  ray  tracing  with  CODEV  we  obtain  the  aspheric  coefficients  of  our  test 
surface.  Aberrations  introduced  by  the  optical  set  up  are  also  considered. 


hexagonale  elektrodes 
grouped  In  4  concentric  rings 


Fig.9:  Grouping  of  electrodes 


Table  1:  Example  of  evaluating  the  aspherical  coefficients 


Measured  aspheric  coefficients 

Real  (known)  coefficients 

a4=0,602xl0'3 

a4=0.60xl03 

afi=-0,38xl0e"4 

a„=-0,34xl0-4 

a*=-0,2xl07 

as=-0.29x!0'7  1 

(r0=3,5103  ) 


Some  small  discrepancies  occurred.  The  deviation  of  the  aspheric  coefficient  can  be 
due  to  two  reasons.  First  a  reduced  aperture  of  the  asphere  was  used.  A  deviation  of 
the  higher  orders  will  result.  The  second  was  due  to  an  numerical  inaccuracy  of  the 
polynomial  fitting  of  zemike  polynomials. 

Using  the  adaptive  mirror  we  have  realised  a  flexible,  easy  to  align  set  up.  In  the 
future  adaptation  of  the  reference,  calibration,  and  alignement  of  the  set  up  will  be 
further  improved. 

4  Further  development 


The  dynamic  range  of  the  mirror  is  limited  to  about  15pm  maximum  deflection.  In 
future  the  deflection  should  be  improved,  but  it  seems  that  it  will  be  limited  by  20 
pm. 

The  asymmetry  of  the  former  devices  has  been  overcome  by  the  new  electrode 
structure.  Instead  of  using  hexagonal  electrodes  the  new  design  utilises  concentric 
rings.  This  is  more  suitable  to  our  task. 
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Combining  the  adaptive  mirror  device  with  other  compensating  elements  may  be 
needed  for  some  aspheric  surfaces.  The  wavefront  can  be  adapted  with  a  micro 
mirror  together  with  a  static  element  such  as: 

•  Refractive  compensators  (eg  masters) 

•  CGHs  as  single  elements  or  in  combination  with  refractive  elements 

•  Aspherical  zoom 

Using  the  mirror  in  reflection  whereas  the  test  object  is  been  used  in  transmission 
would  lead  to  an  improvement  of  the  aspherical  range  we  can  test.  It  will  be  a 
compromise  of  a  reduced  sensitivity. 
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In  this  article  an  efficient  and  straightforward  method  for  the  compensation  of  thermally  induced 
birefringence  in  high  power  Nd:YAG  rod  lasers  is  discussed.  The  scalar  aberrations  of  a 
birefringence  compensated  two  rod  system  are  analyzed.  Resonators  with  a  small  stability  range 
and  therefore  beam  quality  near  the  diffraction  limit  are  introduced.  To  improve  the  brightness  of 
such  resonators  a  multi-channel  deformable  high  reflecting  mirror  is  investigated  with  the  aim  of 
using  it  as  a  resonator  mirror.  As  the  damage  threshold  of  the  multi-channel  mirror  is  still  too 
low,  results  with  an  adaptive  resonator  were  obtained  using  a  single  actuator  mirror  as  HR- 
mirror.  The  maximum  average  output  power  of  the  adaptive  resonator  is  145  W  at  a  beam 
quality  of  M1 2 3=2. 


1  Introduction 

A  key  interest  in  the  development  of  laser  sources  is  to  gain  high  output  power 
with  high  beam  quality  (M2<2),  i.e.  a  high  brightness  laser.  As  the  beam 
propagation  factor  of  laser  resonators  is  in  general  proportional  to  the  width  of  the 
stability  range,  high  power  lasers  (>100  W)  with  a  beam  quality  near  the 
diffraction  limit  require  a  dynamically  stable  resonator  with  a  small  range  of 
stability  [1-6]. 

In  the  case  of  Nd:YAG  rod  lasers  the  thermally  induced  stress  birefringence 
must  be  compensated  if  the  width  of  the  stability  range  (in  terms  of  refractive 
power  of  the  rod)  is  less  than  20  %  of  the  absolute  refractive  power,  otherwise  the 
losses  of  the  resonator  increase  dramatically  [6,7].  In  the  next  section  our  method 
of  birefringence  compensation  in  Nd:YAG  rod  lasers  is  described  [8-10].  In  section 

3  the  scalar  aberrations  measured  in  a  birefringence  compensated  diode-pumped 
laser  are  analyzed  [11].  In  section  4  different  deformable  mirrors  are  compared  and 
in  section  5  a  dynamically  stable  resonator  with  adaptive  HR-mirror  is  discussed. 
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2  Stress  birefringence 

As  it  is  well  known  the  parabolic  temperature  profile  in  a  pumped  Nd:YAG  rod 
causes  radial  and  tangential  stress  within  the  rod.  The  birefringence  induced  by  the 
stress  leads  to  depolarization  of  linearly  polarized  modes  and  to  bifocusing  of  the 
thermal  lens  [6-8].  Both  effects  reduce  the  brightness  of  a  high  power  laser  as  the 
fundamental  mode  volume  within  the  rod  is  limited  and  the  stability  is  decreased 
[1-4].  For  Nd:YAG  the  difference  in  the  refractive  power  for  radially  and 
tangentially  polarized  light  is  approximately  20%.  This  results  in  limitations  with 
regard  to  the  design  of  stable  resonators,  because  both  refractive  powers  have  to  be 
in  the  limit  of  stability  of  the  resonator  to  keep  losses  small. 

As  discussed  in  Ref.  8  and  Ref.  9  in  detail  the  stress  induced  birefringence  in 
Nd:YAG  can  be  compensated  to  a  great  extent  when  two  rods  with  equal  refractive 
powers  are  imaged  onto  each  other  by  a  telescope.  The  distance  between  the  rods 
and  the  focal  length  of  the  lenses  have  to  be  chosen  in  a  way  that  the  principal 
planes  of  the  thermal  lenses  are  imaged  onto  each  other  (Fig.  1).  A  90°  quartz 
rotator  between  the  rods  swaps  amplitude  and  phase  of  the  radial  and  the 
tangential  polarization  state.  Therefore  the  polarization  dependent  phase 
retardation  in  the  first  rod  will  be  compensated  in  the  second  rod. 

-  4f  - 

I  II 

Nd:YAGrod  f  f  Q-Rot.  Nd: YAG  rod 

Figure  1.  Birefringence  compensation  scheme  with  a  telescope  imaging  the  principal  planes  of  the  thermal 
lenses  onto  each  other. 

For  a  comparison  with  the  uncompensated  situation  the  quartz  rotator  was 
substituted  by  a  quartz  glass  to  preserve  the  optical  path  length  of  the  system. 
Experimental  results  show  that  the  depolarization  of  25%  can  be  reduced  to  less 
than  4%  [8]  which  indicates  that  the  thermally  induced  stress  birefringence  is 
compensated  to  a  high  degree. 

3  Aberrations 

Due  to  inhomogeneous  pumping  light  distribution  and  due  to  the  temperature 
dependence  of  the  heat  conductivity  and  other  material  constants  of  the  YAG 
crystal,  the  radial  temperature  profile  in  the  rod  will  differ  from  the  ideal  parabolic 
temperature  profile,  leading  to  aberrations  [11],  These  aberrations  can  be  measured 
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with  a  Shack-Hartmann  wavefront  sensor  (Fig.  2).  An  expanded  HeNe-laser  beam 
propagates  through  the  aberrated  thermal  lens  and  is  imaged  onto  the  16x16  lens 
array  of  the  Shack-Hartmann  sensor.  A  wavefront  of  the  unpumped  system  is 
recorded  as  reference.  Due  to  the  ‘laser-cooling’  effect,  the  thermal  lens  of  a  laser 
rod  is  approximately  10%  weaker  when  the  laser  is  running  at  sufficiently  high 
power.  For  our  measurement  we  recorded  the  aberrations  under  lasing  conditions. 


Resonator  Mirrors  HR@45°, 

for  1064  nm  1064  nm 


Beam  Stop 


Figure  2.  Set-up  for  the  measurement  of  aberrations  in  a  high  power  diode-pumped  Nd:YAG  rod  laser. 

The  aberrations  can  be  expressed  in  term  of  Zernike  functions.  In  table  1  the  terms 
with  the  highest  peak-to-valley  phase  shifts  are  summarized.  The  phase  shifts  are 
normalized  to  the  HeNe-wavelength  (A,=633nm). 


Table  1.  Measured  peak-to-valley  phase  differences  of  the  thermal  lens  and  its  dominant  aberrations 
(X=633nm). 


Name 

Zernike  function 

peak  to  valley  phase  shift  /  X 

-  all  -  (first  37) 

Z(first  37) 

18.7 

Defocus 

r2 

18.5 

Astigmatism 

r2  cos(2g) 

1.04 

Coma 

(3r3-2r)  cos(p) 

0.35 

r4 

0.30 

4  Deformable  mirror 

A  major  goal  of  the  investigations  is  to  correct  the  aberrations  of  the  thermal  lens 
by  introducing  additional  aberrations  with  the  opposite  sign  with  a  deformable 
resonator  mirror  (Fig.  3).  This  requires  not  only  detailed  knowledge  of  the 
aberrations  of  the  thermal  lens  and  how  they  propagate  to  the  deformable  resonator 
mirror  but  also  a  deformable  mirror  which  is  capable  of  high  power  and  power 
densities. 
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Figure  3.  Scheme  of  a  resonator  with  an  adaptive  mirror  controlled  by  a  PC.  The  computer  reads  the  beam 
parameters  of  the  laser  and  calculates  a  response  function  for  the  mirror. 

The  deformable  mirror  investigated  is  based  on  SiN  and  it  is  fitted  with  up  to  37 
actuators.  Fig.  4  (left)  shows  the  sketch  of  the  deformable  membrane  mirror  with 
metal  and  dielectrical  coating  for  high  reflectivity. 


1.  Dielectrical  layers 


Deformable  mirror  type 

Figure  4.  Left:  Sketch  of  the  multi-channel  deformable  membrane  mirror  with  metal  coating  and  dielectrical 
enhancement.  Right:  Comparison  of  the  reflectivity  of  mirrors  with  different  coatings. 

The  mirror  will  be  controlled  by  a  PC  which  reads  the  laser  parameters,  evaluates 
them  and  sets  the  actuators  of  the  mirror  accordingly.  In  Fig.  4  (right)  different 
types  of  deformable  mirrors  are  compared.  A  maximum  reflectivity  of  more  than 
99.8  %  can  be  obtained  with  a  silver  coated  mirror  with  6  layers  of  dielectrical 
coating  ( Ag+6 ).  In  table  2  the  results  of  a  damage  threshold  measurement  for  the 
Ag+6  mirror  are  listed.  The  mirror  is  suitable  for  resonator  external  use,  but  as  the 
resonator  internal  power  of  cw-lasers  is  usually  much  higher,  the  mirror  is  not  yet 
capable  of  resonator  internal  usage. 
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Table  2.  Damage  threshold  measurement  of  mirror  Ag6.  The  last  row  was  recorded  during  resonator  internal 
use  of  the  deformable  mirror. 


Beam  diameter 

Power 

Status 

4  mm 

30  s 

80  W 

HB9 

OK 

8  mm 

15  min 

70  W 

OK 

4  mm 

15  min 

68  W 

HB9I 

OK 

2  mm 

15  min 

67  W 

OK 

=  3  mm 

<  10  s 

160  W 

Damage 

Alternatively  an  adaptive  mirror  consisting  of  a  high  reflection  coated  glass  plate 
with  a  diameter  of  40  mm  is  used  for  resonator  internal  usage.  The  glass  plate  is 
fixed  at  the  edge.  In  the  centre  of  the  mirror  a  piezo-electric  actuator  bends  the 
plate  by  an  elevation  of  40  pm  maximum.  In  the  central  area  of  the  mirror 
(diameter  of  approximately  10  mm)  the  aberrations  are  small  and  the  mirror  can  be 
regarded  as  spherical  mirror.  Therefore  this  mirror  can  not  be  used  for  aberration 
correction  but  it  is  still  proper  for  the  variation  of  the  stability  range  of  the  adaptive 
resonator.  The  radius  of  curvature  of  the  mirror  can  be  varied  from  infinite  to  p=2 
m  convex. 

5  High  brightness  laser  with  deformable  mirror 

With  an  adaptive  resonator  as  sketched  in  Fig.  5  an  average  output  power  of  145  W 
at  a  beam  parameter  product  of  0.6  mm  mrad  (Mz=1.8)  can  be  achieved. 
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Figure  5.  Set-up  of  the  dynamically  stable  resonator  with  birefringence  compensation  and  adaptive  high 
reflecting  mirror. 


6  Conclusion 

A  two  rod  system  as  described  in  section  2  is  an  efficient  method  for  the 
compensation  of  stress  birefringence  in  rod  lasers  and  a  first  step  to  increase  the 
maximum  brightness  extractable  of  a  high  power  Nd:YAG  laser.  For  a  reduction  of 
the  remaining  scalar  aberrations  a  deformable  resonator  mirror  can  be  used 
provided  the  aberrations  of  the  thermal  lens  are  known  and  their  propagation  to  the 
deformable  mirror  can  be  calculated.  For  high  power  operation  a  membrane  mirror 
with  a  reflectivity  of  more  than  99.8%  is  required. 
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We  present  numerical  calculations  of  the  eigenmodes  of  laser  resonators  with  aberrations.  Due  to 
the  aberrations  the  diffraction  losses  of  the  resonator  increase  drastically  if  the  resonator  is  at  the 
boundary  of  the  stable  region.  This  means  that  is  impossible  to  obtain  near  diffraction-limited 
beam  quality  if  aberrations  are  present.  A  resonator  with  an  adaptive  mirror  could  greatly 
improve  the  beam  quality  of  high-power  solid  state  lasers. 


1  Introduction 

Since  the  advent  of  the  laser  great  efforts  have  been  undertaken  to  develop 
lasers  that  have  both  high  beam  quality  and  high  power.  This  is  a  very  difficult 
goal  because  of  the  optical  aberrations  of  the  active  medium  that  occur  at  high 
power.  The  aberrations  are  due  to  the  heat  generation  that  is  inevitable  in  the  laser 
process.  The  heat  has  to  be  extracted  from  the  laser  medium,  leading  to 
temperature  gradients.  These  temperature  gradients  in  turn  produce  refractive 
index  gradients  and  stress  birefringence  in  the  active  medium.  In  solid  state  lasers, 
various  shapes  of  the  laser  crystal  as  well  as  various  pumping  and  cooling  schemes 
have  been  devised  to  minimize  the  aberrations.  Despite  some  success  with  new 
schemes,  the  standard  rod  laser  is  still  the  most  prevalent  type.  In  this  paper  we 
present  a  numerical  analysis  of  diffraction  losses,  beam  quality  and  output  power  of 
an  Nd:YAG  rod  laser  with  aberrations. 


2  Thermo-Optical  Aberrations  of  Pumped  Laser  Rods 

In  a  high-power  rod  laser  the  cylindrical  rod  is  transverse-pumped  through  its 
barrel  surface  and  the  barrel  surface  itself  is  water-cooled.  In  the  case  of  ideal 
homogeneous  pumping  of  the  rod,  the  heat  source  density  is  constant  throughout 
the  rod.  If  the  surface  heat  transfer  coefficient  is  also  constant  everywhere  at  the 
barrel  surface,  the  resulting  temperature  profile  in  the  rod  is  a  rotationally 
symmetric  parabola  centered  on  the  rod  axis.  Since  the  refractive  index  is  a 
function  of  temperature,  the  temperature  profile  leads  to  a  refractive  index  profile 
of  the  same  shape.  A  parabolic  index  profile  presents  an  ideal  lens,  the  so-called 
thermal  lens  of  a  solid  state  laser  [1], 
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In  practice,  many  more  effects  come  into  play  and  produce  aberrations  of  the 
thermal  lens.  The  temperature  profile  causes  stresses  in  the  crystal  that  in  turn 
cause  birefringence.  This  thermal  birefringence  has  the  same  rotational  symmetry 
as  the  temperature  profile.  If  cylindrical  coordinates  are  introduced  for  the  laser 
rod,  the  principle  axes  of  the  refractive  index  ellipsoid  are  oriented  in  the  radial 
and  azimuthal  directions.  The  stress  distribution  is  such  that  a  laser  beam  with 
purely  azimuthal  polarization  would  still  see  an  exact  parabolic  index  profile.  A 
beam  that  is  radially  polarized  everywhere  would  also  see  an  exact  parabolic  index 
profile,  albeit  with  a  different  curvature  of  the  parabola.  Both  radially  and 
azimuthally  polarized  laser  beams  would  have  a  singularity  on  their  axis,  where 
neither  of  the  two  polarization  states  is  defined.  Thus,  the  eigenmode  of  a  laser  rod 
with  thermal  birefringence  must  have  zero  intensity  on  its  axis.  However,  the  gain 
at  the  rod  center  is  very  high  and  additional  modes  will  be  oscillating.  These 
modes  with  high  on-axis  intensity  are  subject  to  strong  aberrations.  Generally, 
thermal  birefringence  is  the  strongest  aberration  in  solid  state  rod  lasers. 
Fortunately,  a  solution  to  this  problem  has  been  devised  a  few  years  ago  that  can 
eliminate  the  effects  of  thermal  birefringence  in  laser  rods  [3,  4].  The  scheme  is 
based  on  relay-imaging  of  two  identical  rods  with  a  90°-rotation  of  the  polarization 
between  the  rods.  The  complete  system  of  the  two  rods  behaves  just  like  one 
birefringence-free  rod.  It  is  for  this  reason  that  in  our  studies  we  neglected 
thermally  induced  birefringence. 

Another  source  of  aberration  is  due  to  the  fact  that  the  thermal  conductivity  of 
YAG  is  actually  a  function  of  temperature.  Strongly  pumped  rods  have  a  large 
temperature  difference  between  their  center  and  their  barrel  so  that  the  thermal 
conductivity  varies  significantly  across  the  rod  and  the  temperature  profile  is  no 
longer  parabolic  [2].  This  leads  to  spherical  aberration. 

In  practice,  further  aberrations  arise  because  pumping  of  the  laser  crystal  is 
always  to  a  certain  extend  non-uniform,  resulting  in  a  non-uniform  heat  source 
density  in  the  crystal.  Finally,  distortion  of  the  rod  end  faces  due  to  thermal  stress 
presents  additional  aberrations. 

Figure  1  shows  the  wavefront  aberration  of  a  rod  from  a  commercial  high- 
power  lamp-pumped  continuous-wave  Nd:YAG  laser.  The  rod  has  a  diameter  of 
5  mm  and  a  length  of  130  mm.  The  wavefront  was  measured  with  a  Shack- 
Hartmann  wavefront  sensor  at  an  electrical  pumping  power  of  4.9  kW  [7].  This 
pumping  power  would  produce  a  laser  output  power  of  approximately  150  W  with 
a  stable,  highly-multimode  resonator. 
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Figure  l:\Vavefront  aberration  of  a  laser  rod  at  pumping  power  4.9kW  without  the  focus-term,  tip-  and  tilt- 
term  and  astigmatism.  The  diameter  of  the  circular  aperture  is  4  mm,  the  wavelength  is 
X=l. 064pm.  This  aberration  was  used  in  our  numerical  simulations. 


3  Spherical  Resonators 

The  eigenmodes  of  stable  spherical  resonators  are  Gauss-Laguerre-  and  Gauss- 
Hermite-modes  for  resonators  with  circular  and  rectangular  apertures,  respectively 
[5],  (This  is  strictly  true  only  for  a  bare  cavity  without  a  gain  element.  For 
resonators  with  gain,  the  complex  Gauss-Laguerre-  and  Gauss-Hermite-modes  are 
the  eigenmodes  [5].)  Nevertheless,  a  good  estimate  for  the  beam  quality  of 
spherical  resonators  can  be  obtained  from  the  simple  model  of  the  “embedded 
Gaussian  mode”  that  is  based  on  the  real  Gauss-Laguerre-  and  Gauss-Hermite- 
modes  [6].  Let  woo(z)  be  the  radius  of  the  fundamental  mode  of  the  resonator, 
defined  by  the  second  moment  of  the  intensity  distribution.  The  fundamental  mode 
of  a  resonator  is  determined  by  the  ^-parameters  and  the  length  of  the  resonator. 
The  g-parameters  are  defined  as: 

gi  =  l~L/Ri, 

where  L  is  the  resonator  length  and  Rt  are  the  radii  of  curvature  of  the  mirrors  1 
and  2  with  i  =1,  2.  A  resonator  is  stable  if  0  <  grg2  <  1.  The  second-moment 
diameter  of  a  certain  higher-order  Gauss-Laguerre-  and  Gauss-Hermite-eigenmode 
of  the  resonator  has  a  diameter  M  w0o(z )  that  is  larger  than  the  diameter  of  the 
fundamental  mode  by  the  constant  factor  M  everywhere  along  the  z-axis.  For  a 
Gauss-Laguerre-mode  this  factor  M  is  given  by 

M  =  V(2P+L+1) 

where  P  is  the  number  of  radial  nodes  and  L  is  the  number  of  azimuthal  nodes.  The 
beam  quality  of  this  mode  in  terms  of  Siegman’s  beam  quality  number  “M2“  is 
simply  M2  because  both  the  beam  waist  and  the  far-field  divergence  angle  are  M- 
times  larger  for  the  higher-order  mode  than  for  the  fundamental  mode.  The  beam 


quality  of  a  multi-mode  resonator  is  determined  by  the  highest-order  mode  that  can 
pass  through  the  apertures  of  the  resonator.  Almost  all  of  the  energy  of  a  Gauss- 
Laguerre  mode  is  contained  within  its  second-moment  diameter  [2],  We  can  thus 
assume  that  the  second-moment  diameter  of  the  highest-order  mode  is  equal  to  the 
radius  of  the  limiting  aperture  of  the  resonator.  If  the  limiting  aperture  is  at 
position  z  in  the  resonator  and  has  the  radius  az,  we  obtain  for  the  factor  M 


^00(2) 

and  the  beam  quality  number  of  the  resonator  is 

2  f  az  V 

M  =  — 7T  ■ 
lwoo(z); 

Experiments  have  shown  that  this  equation  predicts  the  beam  quality  of  stable 
multi-mode  resonators  very  well.  However,  the  equation  fails  for  strongly-pumped 
solid  state  lasers  close  to  the  limits  of  stability  of  the  g-diagram,  i.  e.  if  0  =  gx-g2  or 
if  gi'gi  =  1-  The  equation  predicts  almost  diffraction-limited  beam  quality  but  in 
experiments  this  is  never  observed.  Instead  the  beam  quality  number  is  much 
larger  than  unity  and  the  laser  output  power  drops  to  very  low  levels  and  fluctuates 
strongly.  The  obvious  explanation  for  this  is  the  influence  of  the  aberrations  of  the 
thermally  loaded  laser  crystal.  Apparently,  a  laser  with  a  resonator  that  is  close  to 
the  limits  of  stability  of  the  g-diagram  is  more  sensitive  to  aberrations  than  a 
highly  multi-mode  resonator.  In  order  to  test  this  assumption  we  calculated  the 
eigenmodes  of  resonators  with  and  without  aberrations  and  compared  the 
diffraction  losses,  output  powers,  and  M2-values. 


4  Simulation  of  Non-Spherical  Resonators 

Very  few  theoretical  studies  of  non-spherical  resonators  have  been  performed. 
There  is  of  course  an  infinite  number  of  non-spherical  resonators,  each  of  which 
has  its  own  set  of  eigenmodes.  In  order  to  study  the  influence  of  aberrations  in  a 
real  high  power  solid  state  laser  we  used  the  measured  aberrations  from  figure  1  in 
our  numerical  calculations  of  the  resonator  eigenmodes. 


Term 

Polynomial 

Denotation 

measured  coefficient 
[waves] 

coefficient  used  in 
simulation  [waves] 

1 

1 

piston 

0 

0 

2 

p  cos(ip) 

tilt  x 

1.3 

0 

3 

P  sin(cp) 

tilt  y 

0.2 

0 

4 

2  p2-  1 

12.0 

0 

5 

p2  cos(2tp) 

astigmatism  x 

0.176 

0 

6 

p2  sin(2cp) 

astigmatism  y 

-0.52 

0 

7 

(3p3  -  2p)  cos(<p) 

coma  x 

0.05 

0.05 
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8 

(3p3  -  2p)  sin(<p) 

coma  y 

-0.135 

-0.135 

9 

6p4  -  6p2  +  1 

spherical  p4 

-0.13 

-0.13 

10 

p3  cos(3(p) 

trifoil  x 

0.023 

0 

11 

p3  sin(3cp) 

trifoil  y 

0.044 

0 

16 

20p6  -  30p4  +  12p2  -1 

spherical  p6 

-0.02 

-0.02  1 

Table  1:  Fringe  set  of  Zemike  polynomials  with  coefficients  of  a  measured  thermal  lens  ( k  -1064  nm)  and 
the  coefficients  used  in  our  simulation. 


Table  1  shows  the  Zernike  polynomials  of  the  wavefront  aberration.  Column  4 
of  the  table  shows  the  Zernike  coefficients,  column  5  shows  the  coefficients  that 
were  used  in  our  calculations.  The  coefficients  of  the  piston  term,  the  tip-  and  tilt- 
terms,  the  focus  term  and  the  astigmatism  terms  were  set  to  zero.  This  allows  us  to 
study  the  sole  influence  of  higher-order  aberrations.  These  higher-order  aberrations 
can  not  be  compensated  by  adjusting  the  resonator  mirrors  or  by  using  cylindrical 
optics.  They  are  also  the  reason  that  the  Gauss-Laguerre  modes  and  Gauss-Hermite 
modes  are  no  longer  eigenmodes  of  the  resonator.  The  calculations  were  performed 
with  the  program  GLAD  [8]  according  to  the  Fox-  and  Li-algorithm  [9]. 

symmetricatesonator 

aperture 

gain 

{saturated  beer’s 


0.18  m 
-1m- 

Figure  2:  Set  up  and  distance  of  the  optical  elements  in  the  resonator  model  to  calculate  the  eigenmodes. 

Figure  2  shows  a  schematic  diagram  of  the  resonator  that  was  used  in  the 
calculations.  The  resonator  is  symmetric  with  both  mirrors  having  the  same  radii 
of  curvature  and  the  same  distance  from  the  laser  rod.  No  thermal  lensing  was 
introduced  into  the  resonator,  however,  the  effect  of  an  ideal  thermal  lens  could  be 
taken  into  account  by  a  change  of  the  radius  of  curvature  of  the  mirrors.  The 
aberrations  were  introduced  as  a  thin  phase  sheet  at  the  output  coupling  mirror. 
The  reflectivity  of  the  output  coupler  is  86%.  The  gain  medium  is  a  180  mm  long 
Nd:YAG-crystal  with  a  saturation  intensity  of  2  kW/cm2.  The  gain  saturation  in 
the  active  medium  leads  to  high-order  multimode  oscillation.  Apertures  of  4  mm 
radius  are  placed  in  front  of  both  mirrors.  From  the  power  loss  V\  and  V2  at 


aperture 


H - 0.41  m 
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aperture  1  and  2  we  calculate  the  relative  round-trip  power  loss  v  that  is  defined 
as 


v  =  l-V1-V2. 


5  Results 

We  have  calculated  resonators  with  ^-parameters  between  g  =  -  0.9999  and 
8  =  -  0.30.  Figure  3  shows  the  results  for  resonators  without  aberrations.  For 
g  >  -  0.92  the  M2-values  obtained  from  the  simple  model  based  on  Laguerre- 
Gaussian-modes  that  was  presented  in  section  3  and  the  diffraction  calculation  are 
similar  with  relative  deviations  of  less  than  25%.  Figure  4  shows  the  corresponding 
relative  round-trip  power  loss  v.  The  losses  increase  as  g  approaches  —1  and  the 
boundary  of  the  stable  region  is  reached.  This  can  be  understood  if  one  considers  a 
decomposition  of  the  laser  beam  into  Laguerre-Gaussian-modes.  Some  higher- 
order  modes  are  oscillating  even  though  they  have  a  larger  diameter  than  the 
aperture  and  experience  considerable  losses.  But  only  these  modes  can  deplete  the 
gain  in  the  annular  region  of  the  laser  rod  where  the  fundamental  mode  has  low 


Figure  3.  M2  values  of  the  diffraction  and  the  M2  values  obtained  from  the  gaussian-beam  theory. 
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Figure  4:  Diffraction  losses  of  a  resonator  with  and  without  aberrations  including  the  standard  deviation.  The 
diffraction  losses  of  a  resonator  with  aberrations  increase  for  g  <  -0.4  in  comparison  to  the 
resonator  without  aberrations. 


Figure  5:  Comparison  of  beam  quality  with  and  without  aberrations  for  g  -  -1  ■■  -0.3. 

Figure  5  shows  a  comparison  between  the  M2-values  with  and  without 
aberrations.  The  losses,  shown  in  figure  4,  also  increase  dramatically.  This  leads  to 
reduced  output  power. 

The  Fox-  and  Li-algorithm  does  not  converge  for  near-diffraction-limited 
resonators.  Therefor  M2-values  vary  slightly  at  each  round  trip.  The  error  bars  in 
Figure  3-5  indicate  the  standard  deviation  of  the  M2-values  of  the  last  100  round 
trips.  For  g  >  -0.95  the  standard  deviation  is  so  small  that  it  is  invisible  in  this 
graph. 
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6  Conclusion 

We  numerically  calculated  the  eigenmodes  of  stable  resonators  with 
aberrations.  The  wavefront  aberration  used  for  the  calculation  is  realistic  since  it 
steams  from  a  measurement  carried  out  by  another  group  at  a  high-power  solid 
state  laser.  Our  calculations  show  that  the  aberrations  lead  to  increased  losses  if  the 
resonator  is  close  to  the  boundary  of  the  stable  region  of  the  ^-diagram.  This 
proves  that  aberration  control  is  essential  in  order  to  obtain  high  output  power  and 
good  beam  quality.  We  will  continue  our  numerical  analysis  to  obtain  more 
quantitative  data  on  the  influence  of  aberrations  on  losses,  output  power  and  beam 
quality  of  solid  state  lasers.  This  information  is  necessary  in  order  to  assess  the 
accuracy  of  wavefront  correction  that  is  required  in  resonators  with  adaptive 
mirrors. 
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The  design  of  an  adaptive  wavefront  control  system  for  a  high-power  Nd:Glass  laser  will  be 
presented.  Features  of  this  system  include:  an  unstable  resonator  in  confocal  configuration,  a 
multi-module  slab  amplifier,  and  real-time  intracavity  adaptive  phase  control  using 
deformable  mirrors  and  high-speed  wavefront  sensors.  Experimental  results  demonstrate  the 
adaptive  correction  of  an  aberrated  passive  resonator  (no  gain). 


1  Introduction 

Solid-state  amplifiers  present  obstacles  to  the  objective  of  high  average  power 
lasers;  they  provide  a  low  gain  per  pass  and  suffer  from  wavefront  distortions  due 
to  thermal  gradients  in  the  lasing  material.  The  low  amplifier  gain  requires  a  low 
magnification  resonator,  which  increases  the  sensitivity  of  wavefront  quality  to 
aberrations  and  alignment  errors  [1],  When  operated  in  a  heat-capacity  mode  [2], 
the  thermal  aberrations  are  time-varying,  thus  preventing  the  use  of  a  static 
corrector  optic. 

An  adaptive  optics  system  provides  a  means  to  control  the  wavefront  evolution 
in  laser  cavities  [3-10].  Intracavity  wavefront  sensing  allows  real-time  adaptive 
control  of  the  resonator’s  mode  structure  and  vastly  improves  the  output  beam 
quality.  In  this  paper  we  present  the  successful  implementation  of  high-spatial 
resolution  intracavity  adaptive  phase  control  in  a  confocal  unstable  resonator  with  a 
sub-threshold  Nd:Glass  disk  amplifier.  This  work  lays  the  foundation  for  extentions 
to  high  average  power  heat-capacity  laser  systems. 


2  Adaptive  Unstable  Resonators 

Using  intracavity  wavefront  correction  in  unstable  resonators  has  several 
advantages  compared  to  extracavity  sensing  [8-10].  Using  a  high-spatial  resolution 
wavefront  sensor  and  adaptive  optics  (Figure  1),  it  is  possible  to  directly  control  the 
mode  shape.  Alignment  sensitivity  is  reduced  because  individual  components  of  the 
wavefront  (e.g.  tip/tilt)  may  be  extracted  and  acted  upon  by  dedicated  active 
components.  And  because  the  field  propagated  through  multiple  passes  in  the 
cavity,  the  corrector’s  dynamic  range  requirements  are  reduced. 
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Figure  1.  Adaptive  wavefront  correction  in  a  positive-branch  unstable  resonator. 


Of  course,  there  are  also  difficulties  with  this  type  of  arrangement.  Aberrations  in 
the  laser  medium  are  magnified  in  each  round-trip  pass  through  the  cavity,  and  thus 
lower  the  output  wavefront  quality  and  far-field  Strehl  ratio.  The  correction 
calculations  are  more  complex  than  a  simple  phase  mapping;  the  aberration  mode 
amplification  is  dependent  on  mode  order  and  cavity  position  [10]. 

Intracavity  control  of  an  unstable  resonator  was  first  demonstrated  to  correct 
misalignments  in  a  C02  laser  by  Stephens  and  Lind  [9].  In  these  and  subsequent 
experiments,  the  deformable  mirror  was  controlled  using  a  multi-dither  approach 
based  on  feedback  from  the  far-field  peak  intensity  [6,  7].  In  the  work  described  in 
this  paper,  we  use  high  order  intracavity  wavefront  sensing  to  measure  the  spatially 
resolved  field  at  the  laser  output.  The  full  wavefront  information  is  then  used  to 
directly  control  the  deformable  mirror.  The  experiments  described  here 
demonstrate  correction  of  an  aberrated  passive  resonator  (no  gain)  -  future 
experiments  will  use  the  system  to  correct  an  amplified  beam.  The  experiment 
consists  of  a  positive  branch  unstable  resonator  with  magnification  M  =  1.31  and 
equivalent  Fresnel  number  Neq  =  20.4.  The  aberration  is  provided  by  a  prototype 
flashlamp-pumped  Nd:Glass  heat  capacity  amplifier,  which  can  be  pumped  to  a 
temperature  which  provides  approximately  2.0  waves  of  low-order  aberration  in  one 
pass.  In  the  experiment,  the  amplifier  is  heated  by  flashlamp  pumping,  then  the 
adaptive  resonator  control  loop  is  closed  to  correct  an  injected  probe  beam. 

The  heart  of  our  system  is  a  negative  feedback  loop  that  adaptively  controls 
the  surface  of  a  deformable  mirror  (DM),  using  difference  between  the  time-varying 
wavefront  gradient  and  the  desired  wavefront  slope  (flat)  to  form  an  error  signal. 
The  relation  between  the  error  signal  and  the  surface  profile  of  the  DM  is  described 
by  a  control  law: 


j8  =  Sa  -  a  =  Afi  , 
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where  &  and  /?  are  vectors  describing  the  intra-cavity  wavefront  slope  and  the 
surface  function  of  the  DM,  respectively.  S  is  a  matrix  describing  the  feedback 
system.  The  matrix  S  is  calculated  as  the  pseudoinverse  of  the  system  matrix  A 
[11]. 

The  system  matrix  is  measured  by  a  calibration  procedure  where  the  influence 
of  each  individual  DM  actuator  on  the  wavefront  slope  is  recorded,  the  combined 
result  (the  forward  matrix  A)  is  inverted  using  singular-value  decomposition  [12], 
and  the  eigenmodes  of  the  system  are  weighted  according  to  the  desired  system 
response.  In  this  manner  modes  by  which  the  DM  has  no  or  little  influence  may  be 
rejected,  analogous  to  the  action  of  a  spatial  filter.  Note  that  for  an  intracavity  DM, 
the  wavefront  sensor  response  is  more  complex  than  in  a  single-pass  system.  For 
the  passive  case  described  here,  the  wavefront  sensor  measures  the  weighted  sum  of 
multiple  passes  through  the  resonator. 


3  Passive  Resonator  Testbed  System 

As  a  first  step  toward  a  high-average  power  laser,  we  constructed  a  testbed  system, 
with  the  objective  of  verifying  the  general  approach  for  wavefront  sensing  and 
control .  The  experimental  setup  (schematic  shown  in  Figure  2)  consists  of  a  probe 
laser,  an  unstable  resonant  cavity  (URC),  a  deformable  mirror  (DM),  a  solid-state 
laser  amplifier  module,  a  wavefront  sensor  (WFS),  and  a  far-field  sensor  (FFS). 

Resonator 


Figure  2.  Schematic  layout  of  the  adaptive  unstable  passive  resonator  testbed. 


The  URC  consists  of  a  97%  reflective  primary  of  radius  39.5  m,  and  a  -30.1  m 
radius  secondary  mirror  with  a  51  mm  diameter  97%  reflective  central  coating.  The 
geometry  of  the  secondary  optic  couples  the  laser  output  energy  into  an  annular 
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cross-section.  The  mirrors  are  aligned  confocally,  resulting  in  a  cavity  length  of 
4.7  m  and  a  resonator  magnification  M  =  1.31.  The  URC  is  seeded  with  a  solid- 
state  probe-laser  emitting  CW  radiation  at  1053  nm,  and  is  expanded  to  a  diameter 
of  51  mm  to  match  the  central  reflective  zone  of  the  secondary  mirror.  The  beam  is 
injected  through  the  primary  mirror  and  collimated  at  the  cavity-side  of  the  primary. 
Thus,  one  round-trip  pass  of  the  probe  beam  results  in  an  output  annulus  outer 
diameter  of  M  •  51  mm  =  67  mm.  The  deformable  mirror  has  109  PZT  actuators  in  a 
hexagonal-close-pack  arrangement,  with  spacing  of  7  mm  and  stroke  of  ±  2.7  pm, 
and  a  surface  roughness  of  19  nm  RMS  (165  nm  P-V,  mostly  edges).  The  laser 
amplifier  consists  of  three  flashlamp-pumped  Nd:Glass  slabs  alternately  oriented  at 
Brewster’s  angle  of  56.6°.  For  the  current  pump/resonator  configuration,  the  laser 
runs  just  below  threshold.  During  operation  the  amplifier  is  pumped  at  a  rate  of 
10  Hz  for  15  seconds.  The  intracavity  wavefront  is  sampled  at  the  plane  of  the  DM 
by  a  Shack-Hartmann  sensor  consisting  of  a  reducing  telescope  and  a  lenslet  array 
(750  pm-spaced  lenslets,  /  =  20.1  mm).  The  spot  pattern  is  imaged  directly  onto 
the  focal  plane  of  a  12-bit  digital  camera,  which  uses  a  1024  x  1024  pixel  frame 
transfer  CCD.  Images  are  acquired  at  the  camera’s  full  frame  rate  of  8.4  Hz.  A  far 
field  sensor  consisting  of  a  magnifying  telescope  and  an  identical  digital  camera  are 
used  to  monitor  the  annular  output  of  the  cavity.  Figure  3  shows  the  relationship 
between  the  beam  profile,  the  DM  actuator  positions,  and  the  wavefront  sampling  of 
the  WFS. 
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Figure  3.  Relative  position  of  deformable  mirror  actuators  (dots)  and  wavefront  sensor  lenslets  (squares) 
with  respect  to  the  output  beam  (annulus). 


The  system  controller  is  a  UNIX  workstation  with  two  digital  camera  inputs  and  the 
DM  output  interface.  Control  loop  operation  consists  of  determining  the  wavefront 
slopes  from  the  spot  positions  on  the  WFS  camera,  multiplying  by  the  system 
matrix  S,  and  sending  the  result  to  the  DM. 
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4  Experimental  Results 

The  results  of  closed-loop  operation  of  the  adaptive  optical  system  are  shown  in 
Figure  4.  The  system  was  calibrated  by  measuring  the  intracavity  wavefront  before 
pumping  the  amplifier,  yielding  a  control  loop  reference  wavefront.  To  generate  the 
worst-case  aberrations,  the  Nd:Glass  slabs  were  heated  by  pulsing  the  laser 
amplifier  flashlamps  150  times.  The  uncorrected  far-field  image  in  Figure  4a  has  a 
residual  wavefront  error  of  1.96  X  rms,  and  a  calculated  Strehl  ratio  of  0.04.  With 
this  as  the  starting  point  for  the  controller,  the  output  in  Figure  4b  resulted  after  19 
control  loop  iterations  -  a  residual  wavefront  error  of  0.16  X  rms,  and  a  Strehl  ratio 
of  0.31  (an  eight-fold  improvement). 


(c)  (d) 

Figure  4.  Testbed  system  far-field  images  (a)  immediately  after  150  pulses  induce  intracavity 
aberrations,  and  (b)  after  nineteen  iterations  of  adaptive  loop  control.  Controller  performance  (c)  over 
time  in  terms  of  control  loop  iteration  number,  and  (d)  Zernike  mode  decomposition  of  the  wavefront 
error. 
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To  evaluate  the  performance  of  the  controller  we  decompose  the  wavefront  into  its 
constituent  Zemike  modes  (Figure  4c).  It  is  clear  that  most  of  the  initial  wavefront 
error  is  of  low  order,  as  we  expect  for  this  type  of  laser  amplifier  [1].  Figure  4d 
shows  that  the  algorithm  converges  in  less  than  10  iterations. 
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SOME  METHODS  OF  INTRACAVITY  CONTROL  OF  SPATIAL  AND 
TEMPORAL  PARAMETERS  OF  INDUSTRIAL  C02  LASER  BEAM 


VADIM  V.  SAMARKIN 

Group  of  Adaptive  Optics  for  Industrial  &  Medical  Applications.  Institute  on  Laser  and 
Information  Technologies  -IPLIT  RAN.  Russian  Academy  ofSciences.Svyatoozerskaya  Str.I, 

Shatura,  140700  Russia 

Variable  reflectivity  mirror  in  the  unstable  resonator  was  used  to  improve  the  quality  of 
multimode  beam  of  the  muhi-kW  cw  CO:  laser.  Eight-fold  increasing  of  the  axial  brightness 
of  radiation  and  angular  divergence  of  1  mrad  were  achieved.  Characteristics  of  the  industrial 
1.5  kW  cw  COj  laser  beam  with  a  temporal  reflectivity  controlled  mirror  as  a  output  mirror  of 
the  resonator  were  investigated.  The  pulse-periodical  regime  of  the  beam  generation  in  the 
range  of  pulse  repetition  up  to  2  kHz  was  realised. 


1  INTRODUCTION 

Improvement  of  quality  and  possibility  of  alteration  of  temporal  parameters  of  the 
laser  beam  at  laser  treatment  of  materials  significantly  expand  the  sphere  of 
application  of  industrial  lasers.  It  means  increasing  of  quality  and  speed  of 
treatment,  increasing  the  thickness  of  five  material  under  treatment,  possibility  of 
treatment  of  non-traditional  materials  such  as  glass,  ceramics,  ferrites  and  others. 


2  IMPROVEMENT  OF  THE  AXIAL  BRIGHTNESS  OF  THE  LASER 

BEAM 

It  is  usually  desirable  for  laser  technology  to  have  a  laser  device  operating  in  a 
single  mode  for  a  good  quality  output  beam  and  providing  an  efficient  power 
extraction  at  tire  same  time.  For  industrial  C02  lasers  the  problem  of  achieving  high- 
quality  beam  is  closely  related  to  tire  generated  beam  power.1  In  tire  lasers  of  power 
range  Pout » 15  -  4  kW  tire  interelectrode  distance  of  gas-discharge  chamber  (GDC) 
exceeds  the  diameter  of  the  stable  resonator  (SR)  principal  mode,  but  it  is  not  large 
enough  to  provide  the  effective  use  of  tire  unstable  resonator  (UR)  due  to  small 
Fresnel  number  at  li/L«l,  where  h  is  the  interelectrode  distance,  L  is  the 
amplification  length.  So  a  complex  problem  occurs  which  calls  for  matching  tire 
single-mode  optical  resonator  with  GDC  in  order  to  take  full  advantage  of  its  active 
volume,  i.e.  to  achieve  high-quality  beam  without  essential  reduction  of  generation 
efficiency. 

The  conventional  ways  of  increasing  tire  volume  of  the  SR  principal  mode  do 
not  give  tire  wished  result  due  to  limitations  placed  by  aberrations  of  the  wavefront 
in  tire  optical  elements  and  in  tire  active  medium  itself.  Exponential  field 
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distribution  profile  with  the  order  more  than  2  is  expected  to  provide  better  energy 
extraction  (in  comparison  with  the  more  standard  gaussian  profile)  while  being  less 
affected  by  aperturing  since  it  lias  a  large  beam  size  and  a  fast  decreasing  of 
intensity  near  the  edges.  There  is  well  known  method  proposed  by  Prof.  Belanger 
for  formation  of  super-gaussian  beam  distribution  of  tire  C02  laser  by  using  a 
graded-pliase  mirror  resonator.2  But  this  method  has  a  serious  drawback:  since  the 
mirror  surface  profile  is  rigid,  every  change  of  laser  parameters  needs  its  own 
special  mirror.  In  paper  3  authors  suggested  to  overcome  this  problem  by  use  of 
intracavity  flexible  bimorph  mirror  inside  laser  cavity  for  the  given  intensity 
distribution  formation.  Special  intensity  distributions  (super-gaussian)  can  be 
formed  also  by  intracavity  variable  reflectivity  mirror  4~6.  The  main  disadvantage  of 
these  methods  is  that  all  of  them  are  optimal  only  for  the  single  mode  regime  of 
laser  generation  (for  example  -  TEMoo-gaussian) 

To  improve  the  beam  quality  and  optimal  match  of  resonator  with  GDC  the 
telescopic  UR  with  convex  output  variable  reflectivity  mirror  (VRM)  was  used  for 
the  industrial  cw  C02  laser  with  self-sustained  dc  discharge  and  fast-transverse  gas 
flowing.  When  this  laser  is  operated  in  multimode  regime  with  the  SR,  its  rated 
power  is  2.8  kW  and  divergence  is  about  3  inrad.  It  does  not  fully  comply  with  the 
requirements  to  laser  beam  quality  for  laser  technology,  e.g.  precise  cutting  of 
material.  Different  VRMs  were  manufactured  with  the  typical  features  (VRM 
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Fig.  1.  VRM  design 

reflectivity)  varied  from  40  %  to  85  %  and  r0  (radius  of  reflecting  coating  at  1/e2 
level  of  pmax)  varied  from  9.0  to  12.5  mm  (see  Table  1  and  Fig.  1). 

The  radial  distribution  of  VRM  reflectivity  is  described  by  the  high-level 
supergaussian  function 


P~Pn™  exp{-2(/7r0)"j 


where  n=14  -  32. 
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Table  1.  Parameters  of  the  output  mirrors  of  COi  laser  resonator: 


Pmn  -  mirror  reflectivity,  r0  -  radius  of  reflecting  area. 


Designation 
of  resonator 

Resonator  configuration 

pmax*  % 

r0,  mm 

A 

SR  (R|=R2=30m) 

45 

25 

B 

UR  (R|=-20  m,  R2=36  m) 

68.6 

10.35 

C 

_ II _ 

47 

10.75 

D 

_ II  _ _ 

40 

9.7 

This  VRM  with  the  radius  of  curvature  of  Ri=-20  m  was  placed  into  five-pass  UR 
as  a  output  mirror  of  the  resonator.  So  UR  included  VRM,  rear  mirror  with  R2=36 
m,  2  folding  mirrors,  6  diaphragms  limiting  laser  beam  size.  In  the  case  of  SR  both 
output  and  rear  mirrors  were  of  curvature  radii  of  Ri=R2=30  m,  and  the  reflectivity 
of  output  mirror  was  45%.  The  main  investigations  were  performed  at  magnification 


Fig.  2.  Laser  beam  power  for  different 
configurations  of  resonator  (see  Table 
1)  vs  pumping  current. 
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Fig.  3.  Laser  beam  divergence  for 
different  configurations  of  resonator 
(see  Table  1)  vs  pumping  current 


value  of  UR  M=1.8.  Diameters  of  diaphragms  were  varied  from  36  to  41  nun.  In 
experiments  the  output  beam  power  and  its  stability,  near  and  far  fields  beam 
distributions  at  different  discharge  currents  were  measured.  The  beam  divergence 
by  84%  level  of  energy  concentration  was  calculated. 
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The  dependencies  of  power  and  divergence  on  the  discharge  current  for  various 
parameters  of  UR  with  VRM  are  shown  in  Figs.  2  and  3.  For  comparison  there  are 
given  results  of  the  beam  investigations  with  SR.  The  diaphragms  of  41  to  43  mm 
diameters  for  beam  size  limiting  were  installed  in  the  SR.  In  this  case  maximal 
multimode  radiation  power  was  2.85  kW  and  divergence  was  3.2  mrad. 

As  can  be  seen  from  Figs.  2  and  3,  the  use  of  UR  with  VRM  gives  substantial 
reduction  of  the  laser  beam  angular  divergence  for  2  -  3  times  at  average  power  fall 
from  15  %  to  30  %.  At  die  reflectivity  of  VRM  p^MO  %  (r0=9.7mm)  and 
diaphragms  diameters  of  38  mm  eight-fold  increasing  of  the  axial  brightness  of 
radiation  and  angular  divergence  of  1  mrad  were  achieved.  The  average  power  fell 
was  only  15  %  lower  than  the  beam  power  at  die  same  discharge  current  in  the 
multimode  regime  widi  die  SR.  Fig.  4  illustrates  beam  intensity  distributions  in  the 
far  field  for  multimode  generation  widi  SR  and  generation  with  VRM  in  UR.. 


Fig.  4.  Far  field  distributions  of  the  laser  beam  at  pumping  current  1=15  A  for  SR  (a)  and 
UR  (d)  (see  Table  1). 


3  CONTROL  OF  TEMPORAL  PARAMETERS  OF  THE  C02  LASER 
BEAM 

One  of  die  major  characteristics  of  C02  laser  beam  that  can  influence  the 
technological  process  results  is  the  temporal  beam  modulation.  The  use  of  pulse 
periodical  beam  in  die  0.5-1  kHz  range  of  pulse  repetition  rate  widi  pulse  duration 
from  50  to  2500  ps  increases  of  metal  melting  depdi  value  up  to  2-4  times  7.  The 
pulse  periodical  regime  improves  the  quality  and  productivity  of  die  laser  welding 
process  and  provides  die  possibility  of  greater  tiiickness  materials  treatment  without 
increasing  of  average  laser  power  8.  Moreover,  die  pulse  periodical  regime  of 
continuous  pumped  industrial  C02  laser  operation  expands  die  sphere  of  its 
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application  for  treatment  of  materials  with  low  thermoconductivity  and  fragility 
such  as  glass,  ceramics,  ferrites  etc.9 

The  beam  modulation  is  usually  performed  by  electrical  excitation  method  that 
has  some  frequency  limitation. 

Tins  paper  presents  the  results 
of  investigating  the 
characteristics  of  the  industrial 
cw  C02  laser  beam  with  1.5 
kW  average  output  power, 
where  the  resonator  output 
mirror  was  substituted  for  a 
temporal  reflectivity 

controlled  mirror.  The  mirror 
was  kind  of  a  Fabry-Perrot 
interferometer  (FPI)  consisting 
of  2  parallel  positioned  wedge- 
shaped  plates  of  ZnSe  with 
antireflection  coating  for  the 
wavelength  7=10.6  mm  on  the 
outside  faces.  The  change  of 
distance  between  the  plates  by 
774  resulted  in  mirror  transmission  (or  reflection)  variation  from  minimum  value  to 
maximum  one.  The  distance  was  approximated  to  the  wavelength  7.  for  C02  laser 
beam  and  changed  by  using  of  block  of  piezostacks.  Fig.  5  shows  the  photo  of  FPI 
mirror  used  in  experiments. 

The  pulse-periodical  regime  of  generation  of  C02  laser  beam  with  the  100% 
modulation  depth  in  the  range  of  pulse  repetition  up  to  2  kHz  was  realized. 
Therewith,  tire  2.5  times  excess  of  peak  pulse  power  was  achieved  over  the  average 
power  level.  Output  laser  beam  pulses  at  2  kHz  frequency  of  mirror  transmittance 
modulation  are  shown  in  Fig.  6.  The  obtained  results  show  that  application  of 
controlled  FPI-based  mirrors  in  resonators  of  industrial  C02  lasers  with  continuous 
or  quasicontinuous  pumping  is  promising  in  realization  of  pulse-periodical 
generation  regime. 
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Fig.  5.  Photo  of  the  FPI  mirror. 


Fig.  6.  Laser  beam  pulses  at  2  kHz  frequency  of  FPI  mirror  reflectivity  modulation. 
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4  CONCLUSIONS 

Divergence  of  the  beam  of  industrial  C02  laser  was  reduced  by  factor  3  (1.0  mrad 
against  3.0-3. 5  mrad  for  multimode  beam)  with  an  average  beam  power  downfall 
only  for  13%  (2.4  kW  against  2.75  kW  for  multimode  regime)  by  use  of  VRM  in 
UR.  Total  modulation  of  the  laser  beam  in  the  0.1-2  kHz  range  of  pulse  repetition 
rate  with  pulse  duration  0.05  - 10  ms  was  realised  by  use  of  FPI  mirror  in  the  SR.  Q- 
switcli  regime  with  2.5  times  excess  of  peak  pulse  power  over  the  average  power 
level  was  achieved. 
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The  thermally  induced  lens  is  a  critical  issue  in  high-power  diode-pumped  solid-state  lasers.  A 
self-adaptive  scheme  for  the  compensation  of  the  thermal  lens  is  presented.  The  requirements  for 
such  an  element  and  its  influence  on  the  resonator  are  discussed.  With  an  appropriate  compen¬ 
sating  element  and  the  correct  resonator  design,  constant  beam  parameters  are  expected  to  be 
achieved  over  a  pump  range  of  several  kilowatts. 


1  Introduction 

The  power-dependent  thermally  induced  lens  is  a  major  problem  that  has  to  be 
considered  in  the  development  of  high-power  solid-state  lasers.  The  thermal  lens  is 
caused  by  inhomogeneous  temperature  distributions  inside  optical  materials.  The 
heating  of  the  material  results  from  absorption  of  either  the  pump  power  (gain 
medium)  or  the  laser  power  itself  (other  optical  elements).  In  general,  three  differ¬ 
ent  effects  contribute  to  the  thermal  lens:  Firstly,  the  temperature  dependence  of 
the  refractive  index,  in  this  paper  referred  to  as  dn/dT-part.  Secondly,  the  axial 
expansion  of  the  optical  material  leading  to  curved  end  faces,  referred  to  as  end- 
effect.  Thirdly,  the  local  strain  of  the  material  due  to  thermally  induced  stress 
leading  to  birefringence,  which  is  not  considered  in  this  article.  While  birefrin¬ 
gence  reduction  schemes  were  demonstrated  successfully  [1,2],  compensation  of 
the  phase  front  distortions  resulting  from  the  temperature  dependence  of  the  re¬ 
fractive  index  and  the  expansion  of  the  material  are  addressed  in  alternative  active 
medium  designs  [3]  but  have  not  been  solved  yet  for  lasers  with  rods  as  gain  ele¬ 
ments.  Moreover,  it  would  be  desirable  to  maintain  constant  beam  parameters  over 
a  wide  range  of  pump  powers.  This  can  be  reached  by  adapting  the  resonator  pa¬ 
rameters  to  the  respective  pump  power  level.  Although  active  mirrors  [4]  or  reso¬ 
nator  length  adjustments  [5]  are  possible  means,  they  require  sophisticated  me¬ 
chanical  set-ups  and/or  electronic  control.  In  addition,  they  usually  do  not  allow  to 
compensate  for  the  aberrations. 

Another  possibility  to  compensate  for  the  thermally  induced  lens  is  to  take  ad¬ 
vantage  of  the  effect  itself  by  using  a  heated  optical  element.  In  the  case  of  longitu¬ 
dinally  pumped  lasers,  the  absorption  of  the  pump  light  in  an  end  mirror  or  a  lens 
was  proposed  to  heat  the  compensating  element  [6],  For  high-power  lasers,  trans- 
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versal  pumping  is  preferred  due  to  its  simpler  scalability  and  since  it  is  less  expen¬ 
sive.  In  this  case  a  compensating  element,  which  is  placed  inside  the  resonator  and 
absorbs  part  of  the  laser  radiation,  is  more  promising  since  there  is  no  simple  way 
to  use  part  of  the  pump  power  to  heat  the  compensating  element  unless  a  separate 
pumping  unit  is  used  (Figure  1).  Fortunately,  optical  glasses  with  a  strong  negative 
dn/dT,  with  an  absolute  value  comparable  to  that  of  NdrYAG,  such  as  the  phos¬ 
phate  laser  glasses  Schott  LG-760  or  Hoya  LHG-8  [6,  7],  are  readily  commercially 
available.  A  compensating  element,  which  is  heated  by  the  intra  cavity  power, 
shows  many  advantages.  On  the  one  hand,  no  additional  pump  source  is  required. 
On  the  other  hand,  the  thermal  lens  is  directly  correlated  to  the  output  power  and 
aberrations  will  be  inherently  and  passively  compensated.  In  addition,  if  the  com¬ 
pensating  element  is  doped  with  the  same  active  laser  ion  as  the  gain  medium,  the 
amount  of  absorption  (from  the  lower  laser  level)  can  be  temperature  controlled. 


diode  pump 


mirror  couper 

Toe 


Figure  1.  A  laser  resonator  with  an  intra-cavity  compensation  scheme.  LR:  laser  rod,  CE:  compensating 
element.  The  diode-pump  for  the  CE  is  optional  and  is  only  needed  if  the  CE  does  not  absorb  the  laser  radia¬ 
tion. 


2  Thermal  considerations 

A  good  insight  into  the  basic  thermal  behaviour  of  heated  optical  materials  is 
achieved  with  a  simplifying  analytical  approach  that  describes  the  thermally  in¬ 
duced  lens  as  presented  in  the  references  [7-9].  With  this,  the  values  of  the  relevant 
quantities  involved  can  be  estimated  in  a  first  approach.  In  this  first  step,  we  as¬ 
sume  homogeneously  heated  rods  with  closely  spaced  thin  lenses  for  the  different 
contributions  (dn/dT,  end-effect)  in  both  the  active  medium  and  the  compensating 
element. 

Under  these  conditions  the  dioptric  power  of  the  total  thermal  lens  in  a  heated 
optical  element  is  given  by  the  sum  of  the  dioptric  powers  of  the  different  contri¬ 
butions  with  Dtherm  =  DdMT  +  Dend,  where  Ddn/dT  is  the  contribution  due  to  the  tem¬ 
perature  dependence  of  the  refractive  index,  and  Dend  results  from  the  bending  of 
the  end  surfaces  of  the  rod. 


Homogeneous  heating  of  a  rod  produces  a  temperature  difference  between  the 
centre  the  circumference  which  is  independent  of  the  cooling  given  by  [7] 
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where  k  is  the  heat  conductivity,  £heat  the  length  over  which  the  element  is  heated, 
and  Phea,  is  the  total  heating  power.  Together  with  the  coefficient  for  the  tempera¬ 
ture  dependence  of  the  refractive  index  dn/dT  and  the  expansion  coefficient  aexp 
this  temperature  gradient  is  responsible  for  the  thermal  lens.  With  the  above 
approximations  the  two  contributions  to  the  dioptric  power  D  of  the  thermal  lens  in 
a  heated  rod  of  radius  RRod  are  given  by  [7] 
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where  n0  is  the  undisturbed  refractive  index. 

Apart  from  material  and  geometrical  parameters  equations  (2)  and  (3)  depend 
on  the  heat  source  Pheat.  In  the  case  of  the  laser  rod,  the  heating  power  is  given  by 
the  fraction  of  the  pump  power  Ppump  which  is  absorbed  and  converted  to  heat: 

P Teat  ,LaserRod  ~  tftransf  ‘t labs  '  V hem  '  R pump  ~Wh"  Rpump  ' 

For  Nd:YAG,  the  heat  conversion  factor  ijheat  is  about  35%  under  lasing  conditions 
[10]  and  the  transfer  Tjtransf  and  absorption  T]abs  efficiencies  are  typically  about  80%. 

If  an  external  pump  heats  the  compensating  element,  the  heating  is  described 
by  the  same  formula  as  the  heating  of  the  laser  rod.  In  the  scheme  proposed  in  this 
paper,  the  heating  of  the  compensating  element  is  assumed  to  result  from  weak 
absorption  of  the  intra-cavity  circulating  power.  Therefore,  the  heated  volume  is 
given  by  the  mode  size  at  the  location  of  the  compensating  element.  For  the  fol¬ 
lowing  analytical  approach,  the  multimode-beam  in  the  compensating  element  is 
assumed  to  have  about  the  same  size  as  the  rods  (laser  and  compensating  element). 
Furthermore,  heating  takes  place  over  the  whole  length  of  the  compensating 
element  given  by 
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where  aabs  is  the  absorption  coefficient  at  the  laser  wavelength  in  the  compensating 
element,  tcompEi  is  its  length,  Pcir  is  the  intra  cavity  circulating  power,  Pout  is  the 
output  power  and  T0c  is  the  transmission  of  the  output  coupler.  The  output  power 
is  related  to  the  pump  power,  the  laser  threshold  P,h,  and  the  slope  efficiency  ijsiope 
by 
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With  this  and  the  eqs.  (1-3),  the  dioptric  powers  of  the  thermally  induced 
lenses  in  the  laser  rod  (subscript  LaserRod)  and  the  compensating  element  (sub¬ 
script  compEl)  are  found  to  be 
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where  LcompEi=aabs-(.compEi  is  the  loss  introduced  by  the  compensating  element. 
These  are  the  two  lenses  which  are  produced  inside  the  cavity,  and  which  should 
compensate  each  other.  We  note  that  the  end  effect  in  the  laser  rod  is  neglected. 
This  is  allowed  when  the  unpumped  length  at  the  ends  of  the  rod  is  longer  than  the 
rod  diameter,  which  is  usually  fulfilled  for  transversal  pumping.  The  end  effect  in 
the  compensating  element  can  also  be  avoided  if  a  composite  rod  with  non¬ 
absorbing  (e.g.  undoped)  ends  is  used. 

The  aim  of  the  compensation  is  that  the  sum  of  the  dioptric  powers  of  the  two 
lenses  vanishes,  i.e.  DUlserRod  +  DcompEt  =  0.  This  condition  can  be  combined  with 
the  equations  (10)  and  (11)  and  solved  for  LcompE,  in  order  to  find  out  the  required 
absorption  for  the  compensating  element.  For  this  estimation  the  laser  is  assumed 
to  operate  well  above  threshold,  i.e.  the  threshold  power  is  set  to  P,h  -  0.  Further¬ 
more  Tjslope  is  set  to  be  independent  of  LcompEh  which  is  allowed  if  this  additional 
loss  is  small.  With  a  length  of  the  compensating  element  of  a  few  centimetres,  the 
end  effect  is  about  ten  times  weaker  than  the  dn/dT-part  and  can  be  neglected. 
Finally,  with  additional  realistic  assumptions  for  the  quantities  involved 
{dn/dTLaserRod  dn/dTcompEi,  t]heat  ~  risiopeio r  Nd.’YAG,  and  RcompEi  ~  RiaSerRod)  the 
required  absorption  loss  inside  the  compensating  element  is  found  to  be 
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As  the  heat  conductivity  of  technical  glass  is  typically  ten  times  smaller  than  that 
of  Nd:YAG,  and  typical  output  coupler  transmissions  are  about  10%,  one  gets  a 
required  overall  absorption  in  the  compensating  element  of  1%.  This  number  is 
very  encouraging  and  shows  that  the  principle  of  passive  intra-cavity  compensation 
with  optical  materials  with  a  negative  dn/dT  is  possible  without  significant  influ¬ 
ence  on  the  laser  performance. 


3  Resonator  considerations 

Obviously  the  performance  of  a  thermally  compensated  resonator  significantly 
depends  on  where  the  compensating  element  is  placed.  Ideally,  for  an  optimised 
compensation  the  negative  thermal  lens  should  be  placed  exactly  at  the  same  loca- 
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tion  as  the  positive  thermal  lens.  Since  this  is  not  possible  physically,  one  has  to 
superimpose  the  two  lenses  optically  such  that  the  beam  parameter  (q-parameter)  at 
the  location  of  the  positive  lens  is  the  same  as  at  the  location  of  the  negative  lens. 
This  is  achieved  with  an  optical  system  that  has  a  total  ray  transfer  matrix  given  by 
the  identity  matrix  (with  positive  or  negative  sign).  For  heated  rods  this  optical 
system  has  to  be  inserted  between  the  principal  planes  of  the  two  elements.  Equiva¬ 
lently,  the  thermal  lenses  can  be  treated  as  thin  lenses  sandwitched  between  two 
unperturbed  rod  peaces  of  length  LRoJ2  [11].  For  the  sake  of  simplicity  only  the 
thin  thermal  lenses  without  the  rods  are  shown  in  figure  2.  The  dashed  line  in  the 
graph  of  figure  2  shows  the  fundamental-mode  radius  at  the  location  of  the  thermal 
lens  in  the  laser  rod  as  a  function  of  the  pump  power  for  a  typical,  transversally 
pumped  Nd:YAG  laser  with  the  uncompensated  cavity  labelled  A.  In  the  cavity  B 
the  compensating  element  is  optically  superimposed  to  the  laser  rod  with  two 
lenses  F.  As  soon  as  the  laser  threshold  is  reached  (at  100  W)  the  lens  in  the 
compensating  element  sets  in  (absorbing  about  1%  of  the  circulating  power)  and 
the  mode  radius  does  not  change  any  more  with  increasing  power.  If  this  is  com¬ 
bined  with  a  telescope  to  get  a  large  fundamental-mode  radius  in  the  laser  rod,  this 
setup  can  lead  to  a  diffraction  limited  beam  over  the  whole  pump  power  range. 


TEMm  Radius  in  LR 


Figrue  2.  Influence  of  the  compensating  element  (CE)  on  the  mode  radius  in  the  laser  rod  (LR).  M:  mirror. 
F:  focal  length  of  lenses.  Distances  in  mm. 


4  Conclusions  and  outlook 

By  discussing  the  thermal  effects  in  optical  rods  we  have  shown,  that  a  self  adap¬ 
tive  scheme  to  compensate  for  the  thermally  induced  lens  in  a  laser  rod  is  realistic. 
Optical  materials  with  the  required  properties  are  available  and  will  soon  be  tested. 
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A  method  is  presented  for  dynamic  compensation  of  thermally  induced  birefringence  and  thermal 
focusing  effects  in  heated  laser  rods,  using  an  imaging  variable  radius  mirror  (IVRM).  This 
compensation  method  performs  imaging  together  with  retracing  that  dynamically  adapts  to  the 
pump  power  load.  The  IVRM  is  comprised  of  discrete  elements,  where  the  distance  between  the 
elements  determines  the  amount  of  optical  correction.  The  unique  feature  of  this  method  is  its 
simplicity  and  efficiency  in  correction  of  birefringence  effects  together  with  radial  thermal 
tensing.  The  IVRM  was  successfully  implemented  in  stable  resonators,  based  on  Nd:Cr:GSGG 
laser  material,  to  optimally  compensate  for  thermal  lensing  and  thermal  induced  birefringence 
under  dynamic  thermal  conditions. 


1  Introduction 

Power  oscillator  are  an  attractive  means  to  efficiently  obtain  near  diffraction 
limited  laser  beams,  independent  on  the  pumping  power  conditions.  While  solid 
state  laser  materials  have  excellent  lasing  properties,  they  also  have  optical 
properties  that  are  very  sensitive  to  thermal  conditions.  High  pump  power  causes 
thermo-optical  aberrations  in  the  transmitted  beam  that  reduce  the  beam  quality 
and  the  lasing  efficiency.  In  some  situations,  the  pump  power  changes,  thus 
causing  the  optical  aberrations  to  dynamically  change.  In  order  to  overcome  these 
problems,  dynamic  thero-optical  solid-state  laser  systems  should  be  designed  to 
adaptively  compensate  for  the  specific  optical  aberrations. 

Thermal  focusing  and  astigmatism  can  be  statically  compensated  in  laser 
resonators,  by  proper  selection  of  the  cavity  mirrors,  polishing  the  laser  rod  with 
concave  facesfl],  or  adding  compensating  optical  elements  inside  the  cavity  [1,2]. 
Dynamic  correction  of  these  aberrations  can  be  done  by  dynamically  changing  the 
radius  of  curvature  of  the  cavity’s  mirrors  or  by  moving  optical  elements  inside  the 
resonator.  In  previous  work,  a  Variable  Radius  of  curvature  Mirror  -  VRM  and  a 
cylindrically  zoom  lens  were  implemented  in  stable  and  unstable  resonators  to 
achieve  optimal  lasing  performance  at  variable  pump  conditions  (changing 
repetition-rate,  zero  warm-up  time)  [3,4], 

Thermally  induced  birefringence  causes  two  main  problems[5].  The  first 
problem  is  polarization  distortion,  where  a  linear  polarized  beam  passing  through 
the  birefringent  laser  rod,  accumulates  different  phase  delay  on  its  radial  and 
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tangential  axes,  and  becomes  elliptically  polarized.  This  distortion  is  not  uniform 
for  the  whole  beam,  but  is  angularly  and  radially  dependent.  The  second  problem  is 
bi-focality,  which  causes  the  radial  and  the  tangential  polarization  components  of 
the  input  beam  to  focus  differently.  In  the  case  of  a  linearly  polarized  input  beam, 
the  birefringent  rod  behaves  as  an  cylindrical  lens. 

A  standard  technique  to  minimize  polarization  distortion  in  single  rod 
oscillators/amplifiers  uses  a  Faraday  Rotator  (FR)  which  rotates  the  polarization 
direction  by  90  degrees  between  rod  passes  [6],  Implicit  with  this  method  is  ray 
retracing  on  the  second  pass  through  the  distorting  medium.  Unfortunately,  this 
condition  cannot  be  met  in  the  presence  of  bifocal  lensing,  which  causes  the  optical 
path  of  the  first  pass  to  be  different  from  that  of  the  second  pass  [7],  Enhanced 
birefringence  compensation,  insensitive  to  birefringence  induced  bifocality,  was 
achieved  in  double  rods  oscillators  [8,9],  This  technique  used  an  image  relay 
telescope  between  the  laser  rods  in  addition  to  a  90°  quartz  rotator.  The 
disadvantage  of  this  method  is  its  inability  to  dynamically  compensate  for  thermal 
lensing  between  the  laser  rods. 

In  this  work,  we  describe  an  Imaging  Variable  Radius  Mirror  -  IVRM  that 
achieved  reimaging  of  the  laser  rod  principal  plane  upon  itself  together  with  beam 
retracing  through  the  rod.  The  IVRM  was  found  to  provide  substantially  enhanced 
performance  in  resonators  that  lacked  double-pass  ray  retracing. 


2  Theory 


The  IVRM  is  basically  based  on  an  imaging  lens  and  a  reflecting  mirror  (fig.  1). 
The  lens  focal  length  f,  the  laser  rod  principal  plane  to  lens  separation  d,  and  the 
lens  to  mirror  separation  d2  are  set  so  as  to  1:1  reimage  the  rod  principal  plane. 
Equation  1  represent  the  d2  value,  which  needed  to  obtains  1:1  reimaging.  Using 
this  value  of  d2,  the  rod  principal  plane  is  l:m  relayed  upon  the  mirror,  where  m  is 
given  by  equation  2.  In  our  case,  we  used  m  =  (-)l  and  thus  dl=d2=2f. 


d2=Jl ?-d?f 

ldj-d?-f2 


,  m  =  f/(f-dl) 


d),(2) 


Laser  rod 
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The  mirror  radius  of  curvature  needed  for  beam  retrace  in  the  presence  of  thermal 
lensing  with  focal  length  offT  is: 

R  =  fl<\-flh)  (2) 

Dynamic  adjustment  of  the  rear  mirror  radius  could  be  implemented  with  a  flexible 
membrane  mirror  or  with  VRM  composed  of  discrete  optical  elements[3,4],  The 
IVRM  was  implemented  in  this  work  using  the  second  option,  which,  for  our 
application,  was  more  cost  effective,  robust,  and  simpler  to  use.  The  VRM 
consisted  of  a  stationary  negative  lens  and  a  concave  mirror  mounted  on  a 
translation  stage  aligned  parallel  to  the  optical  axis.  The  concave  mirror  was 
moved  relative  to  the  negative  lens  in  order  to  control  the  beam’s  effective  radius 
of  curvature.  The  distance  between  the  mirror  and  the  negative  lens,  as  function  of 
the  pump  power,  is  shown  in  figure  3.  At  higher  thermal  load(>15KW),  the  IVRM 
operation  becomes  very  sensitive  to  A  variations.  One  can  solve  these  problems  by 
adding  a  negative  lens  near  the  laser  rod  or  by  polishing  a  concave  surface  onto  the 
rod  itself. 

Figure  4  demonstrates  necessity  of  reimaging  with  the  IVRM  in  laser  systems. 
This  graph  presents  a  calculation  of  the  beam  diameter  ratio  for  radial  and 
tangential  polarizations,  of  a  collimated  incoming  beam,  after  double  pass  the  laser 
rod  and  the  FR  and  recollimation  by  the  VRM  or  the  IVRM.  The  VRM  enlarges 
the  ratio  while  recollimating  the  beam  because  of  the  non-reciprocal  laser  rod  and 
FR  combination.  The  IVRM,  by  contrast,  is  insensitive  to  bi-focal  lensing.  A  unity 
ratio  is  maintained  while  recollimating  the  laser  beam.  This  means  that  good  ray 
retracing  was  achieved  insensitive  to  the  beam  polarizetion. 


Figure  3.  Distance  between  the  IVRM  negative 
lens  (fio»=(-)10cm)  and  mirror  (Rmim»=(-)20cm), 
needed  for  retracing,  as  function  of  electrical  pump 
power.  Thermal  focusing  of  the  10x0.635cm 
Nd:Cr:GSGG  laser  rod  was  5  Diopted/KW. 


Figure  4.  Radial  polarization  beam  size 
divided  by  tangential  polarization  beam  size 
after  double  passing  the  laser  rod  and  FR, 
using  a  VRM  or  an  IVRM. 


184 


3  Experiments 

The  experiment  systems  were  based  on  a  0.635x10cm  Nd:Cr:GSGG  single 
flashlamp  pumped  laser  rod.  This  laser  material  was  used  due  to  its  enhanced 
absorption  of  flashlamp  light  (two  to  tree  times  better  than  NdrYAG),  and  its 
smaller  cross  section  for  stimulated  emission  (twice  smaller  than  Nd:YAG)  which 
results  in  enhanced  ability  to  store  energy  in  Q-switched  systems  [6], 
Unfortunately,  strong  thermal  aberrations  accompany  these  advantages  and 
necessitate  the  use  of  advanced  compensation  techniques  even  at  moderate  pump 
power.  Thermal  lensing  and  thermal  astigmatism  (induced  by  pump 
inhomogeneity)  were  measured,  after  one  pass  through  the  rod,  to  be  5  and  0.8 
Diopter/KW,  respectively.  These  values  are  about  eight  times  worse  than  those  of  a 
Nd:YAG  rod  placed  in  the  same  laser  head. 

The  Faraday  Rotators  (FR),  purchased  from  Electro-Optics  Technology,  used 
to  rotate  the  beam  polarization  by  45  degrees,  were  made  of  terbium  gallium  garnet 
crystals  inside  a  permanent  magnets. 

The  IVRM  as  a  resonator  rear  mirror  was  tested,  and  compared  to  a 
performance  of  such  VRM,  in  stable  two  mirror  resonators  containing  a  polarizer. 


Figure  5  :  Stable  resonator  scheme  with  either  an  IVRM  or  a  VRM  as  the  rear  mirror. 

The  stable  mode  oscillator  (fig.  5)  was  built  as  a  concave-flat  resonator,  where  the 
IVRM/VRM  was  the  rear  concave  mirror  and  the  front  mirror  was  a  piano,  40% 
reflectivity,  static  mirror.  A  FR  was  placed  between  the  laser  rod  and  the 
IVRM/VRM  for  birefringence  compensation,  and  another  FR  was  placed  on  the 
other  side  of  the  laser  rod  in  order  to  maintain  polarizer  axes  in  a  single  plane.  A 
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cylindrical  zoom  was  added  to  the  system  in  order  to  dynamically  compensate  for 
thermal  astigmatism  and  to  eliminate  beam  quality  reduction  [3], 

The  laser  rod  was  pumped  with  28J  electrical  pump  energy,  and  the  output 
power  was  measured  as  function  of  repetition  rate.  Figure  6  show  the  output  energy 
normalized  to  the  “cold  operation”  (0.2Hz)  output  energy,  using  the  IVRM  and  the 
VRM.  For  these  measurements,  the  adaptive  mirrors  were  aligned  to  achieve 
maximum  output  power.  Addition  measurements  were  performed  without  the 
polarizer  and  thus,  without  birefringence  loss.  The  same  results  were  achieved 
while  using  the  VRM  and  the  IVRM.  The  output  power  in  this  case  is  the 
maximum  one  can  extract  from  the  oscillator.  The  output  energy  at  cold  operation 
with  and  without  a  polarizer  and  FRs  was  1.02  J  and  1.4J,  respectively.  Figure  6 
depicts  good  birefringence  compensation  while  using  the  IVRM,  in  contrast  to  the 
relative  inefficiency  of  a  simple  VRM  in  eliminating  birefringence  loss. 


Electrical  pump  power  [Watt] 


Figure  6  :  Comparison  of  birefringence  efficiency  in  the  stable  resonator  aligned  to  maximum  output  power, 
while  using  IVRM  and  VRM.  A  reference  measurement  was  made  without  the  polarizer  and  FRs. 


Even  though  an  imaging  lens  plus  static  mirror  could  compensate  for  birefringence 
loss  as  well,  it  could  not  compensate  for  dynamic  thermal  focusing,  and  thus  would 
not  keep  on  the  resonator  in  an  optimal  state.  The  static  configuration  failed  to 
maintain  constant  output  energy,  because  the  thermal  lensing  caused  differing 
amounts  of  diffraction  losses  at  the  rod  aperture.  Thus,  the  IVRM  is  an  excellent 
method  for  simultaneous  compensation  of  birefringence  and  variable  amount  of 
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thermal  tensing.  The  beam  quality  measurements  showed  the  same  behavior  with 
either  the  IVRM  or  the  VRM,  and  remained  around  M2«2.2. 


4  Conclusions 

An  advanced  Variable  Radius  Mirror  (VRM),  the  Imaging  VRM  (IVRM),  was 
theoretically  designed  and  experimentally  implemented  in  stable  flashlamp 
pumped  Nd:Cr:GSGG  resonators.  The  IVRM  has  superior  performance  over  the 
“first  generation”  VRM,  when  thermal  birefringence  induced  bi-focal  lensing  is 
present.  The  IVRM,  which  produces  reimaging  of  the  laser  rod  principal  plane 
back  onto  itself  as  well  as  dynamic  focusing  control,  enables  efficient  compensation 
for  both,  birefringence  (with  the  aid  of  a  Faraday-Rotator),  and  dynamic  thermal 
lensing.  The  IVRM  was  used  to  maintain  optimal  lasing  efficiency  and  output 
beam  quality  from  the  oscillators,  under  variable  heat  conditions.  As  the  VRM,  the 
IVRM  is  also  simple,  robust,  and  cost  effective. 
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Theoretical  and  experimental  formation  of  a  super-gaussian  fundamental  modes  of  the  4th  and 
6th  orders  of  CW  C02-laser  with  stable  resonator  with  the  help  of  an  intracavity  flexible 
controlled  mirror  is  shown.  We  used  semi-passive  bimorph  deformable  mirror  with  four 
controlling  electrodes.  The  increase  of  power  of  fundamental  modes  up  to  12%  and  the  enlarging 
of  the  peak  intensity  in  the  far-field  in  1.6  times  in  the  comparison  with  the  gaussian  TEMoo 
mode  of  the  same  resonator  are  observed.  The  theoretical  calculations  has  shown  the  possibility 
of  the  formation  of  the  super-gaussian  fundamental  modes  at  the  output  of  YAG:Nd  +  laser 
resonator  by  means  of  intracavity  flexible  mirror. 


1  INTRODUCTION 

The  idea  of  formation  of  the  given  laser  output  by  using  Graded-Phase  Mirrors 
(GPM)  belongs  to  Prof.  P.A.Belanger  et.  al.  [1-2]:  the  experimental  results  with 
GPM  used  in  pulsed  TEA  and  CW  C02  lasers  have  shown  an  increase  of 
monomode  energy  output  as  compared  to  the  output  of  a  conventional  semiconfocal 
resonator  [2], 

But  the  GPM  can  only  serve  for  the  specific  application  they  were  design 
for:  every  change  of  laser  parameters  needs  its  own  unique  mirror.  On  the  other 
hand  with  the  help  of  just  one  flexible  controlled  mirror  it  is  possible  to  form  a 
number  of  the  given  laser  outputs  [3].  It  is  also  possible  to  compensate  for  different 
phase  distortions  caused,  for  example,  by  thermal  deformations  of  laser  mirrors  or 
by  aberrations  of  active  medium.  Such  phase  distortions  could  destroy  the  given 
laser  output  intensity  distribution  and  predict  them  completely  is  not  possible 
because  some  of  them  depends,  for  example,  on  the  pumping  power,  the 
inhomogeneity  of  active  medium  and  so  on.  That  is  why  for  solving  different  tasks 
it  is  more  universal  and  perspective  to  use  flexible  controlled  mirrors. 
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2  ALGORITHM  OF  THE  GIVEN  LASER  OUTPUT  FORMATION 
BY  MEANS  OF  THE  DEFORMABLE  MIRROR  AND 
THEORETICAL  RESULTS 

Let’s  consider  the  laser  with  the  geometry  of  stable  resonator  shown  in  Fig.l 
consisting  of  plane  output  coupler  7,  CO2  tube  6,  convex  5,  concave  4  mirrors  and 
bimorph  flexible  one  2.  The  laser  resonator  was  based  on  the  industrial  fast  axial 
flow  continuos  discharge  C02  laser  TLA-600  produced  by  BLIT,  Russian  Academy 
of  Sciencies  [4]. 

Azimutal  symmetry  can  be  assumed  which  allows  us  to  use  the  one 
dimensional  Huygens-Fresnel  integral  equations  [5]  and  to  calculate  the 
propagation  of  the  desired  laser  beam  'P1(rJ)  from  output  mirror  through  all 
resonator’s  elements  to  the  deformable  one: 

b 

Yl^2(rl)  =  J  Kx(rx,r2y¥x{rx)t\d^  (1) 

0 

Y\¥\  Oi )  =  1  (r2,  r,  )W2  (r2)r2dr2  (2) 

where  Yi  is  the  eigenvalue  and  ¥,(/•)  is  the  eigenmode  of  the  resonator,  n,  are 
radial  coordinates,  i=l  is  related  to  plane  output  mirror  of  the  diameter  2b,  i=2  -  to 
the  active  one  of  the  diameter  2a, 

/Ci('i.  fc)  =  ^  ]exp(- 2^  +  D^)]  (3) 

W*  rl)  =  ^Jo{k-B  )eXp{-^(Ar?  +  D/22)]exp(y kymirroriti)-  (4) 

Here  J0  is  the  Bessel  function  of  zero  order,  A,  B,  D  are  the  constants 
determined  by  the  ABCD  ray  matrix  of  the  laser  resonator.  We  consider  empty 
resonator,  so  A=l,  B=L,  C=0,  D=l. 

In  the  plane  of  active  mirror  the  wave  front  of  the  desired  laser  beam  was 
extracted  and  served  to  determine  the  appropriate  shape  of  the  bimorph  flexible 
mirror.  Such  surface  profile  was  reconstructed  with  minimal  RMS  error  by 
combining  with  appropriate  weights  the  experimentally  measured  response 
functions  of  the  mirror.  The  weights  correspond  to  the  voltages  applied  to  each 
mirror  electrode.  Convergence  to  the  given  initial  field  distribution  was  calculated 
by  the  Fox  and  Li  iterative  method  of  successive  approximations  [5], 

Fig.2(a)  shows  the  main  results  of  such  calculations:  gaussian  TEMoo 
mode  intensity  distribution  on  plane  output  coupler  and  super-gaussian  one  of  the 
4th  order,  formed  by  intracavity  controlled  mirror.  In  Fig.3(a)  it  is  shown 
calculated  super-gaussian  beam  of  the  6th  order.  Far-field  pattern  of  the  formed 
super-gaussian  beam  of  4th  order  is  given  in  Fig.4(c).  As  one  may  see  it  is  possible 
to  increase  the  peak  value  of  intensity  in  the  far-field  in  1.6  times  in  the 
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comparison  with  the  gaussian  TEMoo  mode  of  the  resonator.  The  side-lobes  of  the 
formed  beam  are  not  very  sufficient  so  that  the  beam  quality  factor  of  the  super- 
gaussian  mode  is  very  close  to  1  (M2=1.06). 


3  EXPERIMENTAL  RESULTS  OF  THE  FORMATION  OF  THE 
SUPER-GAUSSIAN  FUNDAMENTAL  MODES 

The  scheme  of  experimental  setup  is  shown  in  Fig.l.  For  enlarging  laser  beam 
inside  resonator  we  added  (see  Fig.l)  the  convex  mirror  5  (R=-700  mm,  reflectivity 
100%)  and  concave  mirror  4  (R=2020  mm,  reflectivity  100%).  The  resonator 
contains  also  the  bimorph  flexible  corrector  2  (R=69  m).  The  size  of  the  diaphragm 
3  (=46  mm)  had  been  chosen  to  have  a  pure  fundamental  gaussian  TEMoo  mode 
output.  To  apply  voltages  to  the  electrodes  of  flexible  mirror  we  used  block  of 
control  1.  The  main  parameters  of  the  resonator  are:  Fresnel  numbers 
N,=b2M.B=0.6,  N2=a2/XB=6.5,  stability  factor  00.5.  (Here  b=8  mm  -  the  radius  of 
the  plane  output  coupler,  a=25  mm  -  the  radius  of  active  bimorph  mirror,  ^.=10.6  p 
-  the  wavelength,  B=9100  mm  -  the  effective  length  of  the  resonator). 

The  near-field  intensity  distribution  was  observed  with  the  help  of  8  - 
LBA-2A  (“Laser  Beam  Analyzer”),  the  far-field  pattern  (in  the  focal  plane  of  lens 
11,  f=275  mm)  was  analyzed  by  12  -  MAC-2  (“Mode  Analyze  Computer”). 

For  the  experiment  we  used  the  semi-passive  bimorph  flexible  mirror 
produced  in  TTJT  [6],  The  construction  of  the  mirror  is  shown  in  Fig.5.  It  consists 
of  copper  plate  firmly  glued  to  a  plane  actuator  disc.  The  last  one  is  made  of  two 
piezoceramic  discs,  soldered  together  and  polarized  normally  to  their  surfaces.  The 
thickness  of  each  piezoceramic  disc  is  0.35  mm  while  the  thickness  of  the  copper 
plate  is  2.5  mm.  The  interface  between  the  two  piezoceramic  discs  contains  a 
continuous  conducting  “ground”  electrode.  Another  continuous  conducting 
electrode  between  the  piezodisc  and  the  copper  plate  “el”  is  used  to  control  the 
curvature  of  the  whole  mirror.  The  controlling  electrodes  “e2”,  having  a  round 
form,  “e3”  and  ‘e4’,  having  a  ring  form  were  attached  to  the  outer  surface  of  the 
piezodisc. 

Applying  voltages  to  the  electrodes  of  the  controlled  mirror  which  we 
have  calculated  before  for  the  formation  of  the  4th  order  of  super-gaussian  beam 
we  were  able  to  form  the  intensity  distribution  in  the  near-field  shown  by  dashed 
curve  in  Fig.2(b).  Solid  curve  represents  the  gaussian  TEMoo  mode  generating 
without  applying  voltages  to  the  mirror  electrodes.  The  power  of  the  formed  super- 
gaussian  beam  was  on  10%  higher  then  the  gaussian  one  and  the  waist  was 
widened  in  1.2610.05  times  (according  to  our  calculations  in  1.29  times). 

In  the  focal  plane  of  lens  11,  Fig.l,  (far-field)  the  peak  value  of  intensity 
increases  in  1.6  times  (Fig.4  (b))  in  the  comparison  with  the  gaussian  mode 
(Fig.4(a)).  This  fact  is  in  good  agreement  with  the  theory  (see  Fig.4(c)).  The  shape 
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of  the  far-field  pattern  becomes  more  narrow,  but  the  side  lobes  which  should  exist 
are  not  distinguished  at  noise  level. 

Experimental  formation  of  the  6th  order  of  super-gaussian  beam  is  shown 
in  Fig.3(b).  In  this  case  we  had  12%  of  power  increase  in  the  comparison  with 
gaussian  TEMoo  mode.  The  far-field  pattern  of  formed  mode  is  very  similar  to  the 
one  of  the  4th  order  of  super-gaussian  beam. 

4  CONCLUSION 

The  experimental  results  of  the  formation  of  super-gaussian  fundamental  modes 
have  shown  the  possibility  to  increase  power  on  10-12%  and  to  enlarge  the  peak 
value  of  the  intensity  in  the  far-field  zone  in  1.6  times  in  the  comparison  with 
gaussian  TEM0o  mode.  The  experimental  results  are  in  good  agreement  with  the 
theoretical  calculations  of  the  formation  of  the  given  super-gaussian  modes  by 
means  of  intracavity  controlled  flexible  mirror  in  stable  resonator  of  industrial  CW 
C02-laser.  Similar  theoretical  results  were  got  also  for  the  solid-state  YAG:Nd3+ 
laser. 

References 

1.  P.A.Belanger  and  C.Pare,  “Optical  resonators  using  graded  phase  mirrors,” 
Opt. Lett.  16,  1057-1059  (1991). 

2.  R.  van  Neste,  C.Pare,  R.L.Lachance,  and  P.A.Belanger,  “Graded-phase 
mirror  resonator  with  a  super-gaussian  output  in  a  CW-C02  laser,”  IEEE 
J.  Quantum  Electron.  30,  2663-2669,  (1994). 

3.  T.Yu.Cherezova,  S.S.Chesnokov,  L.N.Kaptsov,  A.V.Kudryashov.  “Super- 
Gaussian  laser  intensity  output  formation  by  means  of  adaptive  optics”.  Optics 
Communications,  vl55,  pp. 99-106,  (1998). 

4.  M.G.Galushkin,  V.S.Golubev,  Yu.N.Zavalov,  V.Ye.Zavalova, 
V.Ya.Panchenko.  “Enhancement  of  small-scale  optical  nonuniformities  in 
active  medium  of  high-power  CW  FAF  C02  laser”.  In  Optical  Resonators  - 
Science  and  Engineering,  R.Kossowsky  et.al.,  Editors,  Kluwer  Academic 
Publishers,  289-300,  (1998). 

5.  A.G.Fox,  T.Li,  “Resonant  modes  in  a  maser  interferometer,”  The  Bell 
Syst.Tech.J.  40,  March,  453-488  (1961). 

6.  Kudryashov  A.V.,  Shmalhausen  V.I.  “Semipassive  bimproph  flexible  mirrors 
for  atmospheric  adaptive  optics  applications.”,  Opt.  Eng.,  V.  35,  Nil  3064- 
3073,  (1996). 


191 


12  11  8  7 


Fig.l.  Scheme  of  experimental  set-up  to  form  super-gaussian  TEMoo  mode:  1  -  block  of  mirror’s  electrodes 
control,  2  -  semi-passive  bimorph  mirror,  3  -  diaphragm,  4  -concave  mirror  R=2020  mm  5  -  convex  minor 
R=-700  mm  6  -  active  medium  of  CO2,  7  -  output  ZnSe  coupler  with  coefficient  of  reflectivity  69%,  8  - 
LBA-2A  (Laser  Beam  Analyzer),  9  -  oscilloscope,  10  -  computer,  1 1  -  lens  f=275  mm,  12  -  MAC-2  (Mode 
Analyze  Computer). 


Fig.2.  Formation  of  the  4th  order  of  the  super-gaussian  fundamental  mode:  (a)  -  theory,  (b)  -  experiment. 


(b) 


Fig.3.  Formation  of  the  6th  order  of  the  super-gaussian  fundamental  mode:  (a)  -  theory,  (b)  - 
experiment. 
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Fig-4.  Far-field  pattern  of  laser  beam:  (a)  -  experiment  -  gaussian  TEMoo  mode,  (b)  -  experiment  -  super- 
gaussian  TEMoo  mode,  (c)  -  theory  -  gaussian  and  super-gaussian  modes. 


Fig.5.  The  construction  of  the  bimorph  deformable  mirror  and  scheme  of  it’s  electrodes 
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The  results  of  the  research  activities  of  the  Group  of  Adaptive  Optics  from  IPL1T  RAN  are 
presented.  The  design  of  the  different  types  of  the  bimorph  correctors  for  the  low-order 
aberrations  compensation  is  discussed.  The  20  channel  compact  and  low-cost  control  system 
capable  of  interfacing  with  personal  computer  is  presented. 


1  INTRODUCTION 

Adaptive  optics  is  known  to  be  invented  as  a  tool  for  compensation  of  different 
wavefront  distortions  of  the  light  beam  penetrated  through  some  turbulent  media 
and  usually  is  used  for  various  astronomical  applications1.  But  starting  from  late 
70lh  several  types  of  experiments  showing  the  efficiency  of  the  use  of  adaptive 
systems  to  improve  the  laser  beam  quality  were  carried  out2.  Almost  all  these 
experiments  were  made  on  the  CO2  high  power  lasers  and  the  obtained  results  were 
really  promising.  Here  we  should  mention  the  works  of  Oughuston  (theoretical 
calculations),  and  R.Freeman  et.  al. 5,6,7  (mostly  experiments).  But  then  there  was 
some  sort  of  a  gap  in  the  interest  towards  the  application  of  active  optical  elements 
in  laser  resonators.  The  main  reason  for  this  probably  was  the  cost  of  the  key 
elements  of  any  adaptive  system  -  deformable  mirrors,  wavefront  sensors  and 
systems  of  electronic  control  with  the  high  speed  computers.  But  later  the  situation 
changed  together  with  the  progress  in  laser  technology  and  new  problems  were  to 
be  solved  with  the  help  of  lasers.  The  interest  in  active  laser  beam  control  appeared 
again  as  well  as  the  price  of  the  elements  of  adaptive  systems  significantly  dropped. 

The  main  tasks  that  could  be  resolved  by  methods  and  technique  of  adaptive  optics 
are: 

1 .  Stabilisation  and  optimisation  of  different  laser  radiation  parameters. 

2.  Formation  and  maintenance  of  the  given  intensity  distribution  of  laser  beam  on 
the  given  surface. 

Possible  new  fields  of  application  of  adaptive  systems  are  laser  microtechnology, 
laser  etching,  laser  heating  technology  as  well  as  laser  ophthalmosurgery  and  laser 
dermatology. 
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2  ACTIVE  MIRRORS  FOR  LASER  BEAM  CONTROL 


2.1  Bimorph  active  correctors 

While  designing  the  adaptive  system  the  main  problem  is  to  choose  the  appropriate 
corrector  -  the  key  element  of  any  adaptive  system,  that  might  be  used  to  control  the 
laser  beam.  So,  when  deciding  what  kind  of  active  corrector  would  be  most  suitable 
for  the  intracavity  laser  beam  control  we  should  first  of  all  keep  in  mind  the 
necessity  to  compensate  for  these  low-order  aberrations  and  to  use  the  less  number 
channels  to  correct  them.  In  fact  that  means  that  we  have  to  use  the  corrector  with 
the  so  called  modal  response  functions  of  actuators.  And  among  these  type  of 
deformable  mirrors  the  most  appropriate  ones  are  the  bimorph  semipassive 
correctors8,9,10. 


Fig.  1.  Scheme  of  a  semipassive  bimorph  corrector. 


The  traditional 

semipassive  bimorph 
mirror  consists  of  a  glass, 
copper  or  quartz  substrate 
firmly  glued  to  a  plate 
actuator  disk  made  from 
piezoelectric  ceramic  (see 
Fig.  1).  Applying  the 
electrical  signal  to  the 
electrodes  of  the 
piezoceramic  plate 
causes,  for  example, 
tension  of  the  piezodisc. 


Glued  substrate  prevents  this  tension,  and  this  results  in  the  deformation  of  the 
reflective  surface.  To  reproduce  different  types  of  aberrations  with  the  help  of  such 


Fig.  2.  Schemes  of  the  control  electrodes  on  the  surface  of  the  piezodisk. 
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corrector  the  outer  electrode  is  divided  in  several  controlling  electrodes,  that  have 
the  shape  of  a  part  of  a  sector.  The  size  as  well  as  the  number  of  such  electrodes 
depends  upon  the  number  and  the  type  of  the  aberrations  to  be  corrected.  In  our 
work  we  usually  used  the  geometry  of  the  electrodes  given  on  Fig.  2.  The  behavior 
of  the  bimorph  corrector  (deformation  of  the  surface  when  the  voltage  is  applied  to 
the  particular  electrode)  is  well  described  by  the  following  equation11: 


D'VVW  +(plhl  +  p2h2)- 


d2W  _  d,iV2E(x,y)El(2Al\-h,2) 


dt 2 


2(1  -v) 
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2~  2  (£A  +  EA)  ’ 


Ax  =  h-A2 


f  a3 


D'  =  - 


1-v1 


3  3  1  3  1-v2 


[.3A 


A2A-AA2+i- 


Here,  hi,  h2  -  the  thickness  of  a  piezodisk,  and  substrate,  Ei,  E2  -  Young’s  modulus 
of  a  piezodisk  and  substrate,  h  -  total  thickness  of  the  mirror,  v  -  the  Poisson  ratios, 


d3[  -  transverse  piezo  modulus,  E(x,  y )  -  the  strength  of  the  electric  field  applied 
uniformly  to  the  given  electrode.  This  equation  was  used  to  optimise  radii  n  and  r2 
(Fig.  2)  for  the  best  correction  of  the  low  order  aberrations  such  as  coma, 
astigmatism,  spherical  aberration. 


Several  types  of  the  bimorph  correctors  were  produced  in  the  Group  of  the  Adaptive 
Optics.  The  main  features  of  a  bimorph  corrector  are  shown  in  Table  1. 


Working  aperture 

40,  50  mm 

Thickness  of  the  mirror 

3-5  mm 

Number  of  actuators 

8,  13,  18 

Mirror  quality 

0.2  fi  (P-V) 

Stroke 

7-15)1 

First  resonance 

2-7  kHz 

Substrate  material 

Glass,  quartz, 
copper,  silicon 

Table  1 .  Main  features  of  a  semipassive  bimorph  mirrors. 


The  static  and 
dynamic 

characteristics  of  the 
mirrors  were  studied 
by  an  interference 
method.  The 

sensitivity  of 

correctors  was 

estimated  from  the 
displacement  of  the 
interference  fringes  at 
the  center  of  the 
pattern  when  the 
voltage  of  100  V  was 
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Fig.  3.  Level  map  (step  0.2  p.)  of  the  response  functions  of  the  middle  ring  of  the  electrodes,  a  -  electrode 
number  10  (P-V=l .414  p);  b  -  electrode  number  9  (P-V=l  .579  p);  c  -  electrode  number  1 1  (P-V=l .574 
p).  Applied  voltage  was  +100  V. 


applied  to  all  electrodes.  It  amounted  to  1.7  p.  The  frequency  of  the  first  resonance 
of  our  correctors  was  in  the  range  of  3  -  5  kHz.  The  response  functions  of  the 
middle  ring  of  electrodes  of  the  13-element  corrector  are  presented  in  Fig.  3. 

It  should  be  pointed  out  that  the  response  functions  of  every  electrode  of  this 
corrector  is  the  modal  one,  meaning  that  by  applying  voltage  to  a  given  element  we 
get  the  deformation  of  the  whole  mirror  surface.  This  result  on  the  one  hand 
complicates  the  process  of  mirror  control  but  at  the  same  time  reduces  the  number 


Type  of  aberration 

RMS  error 

Defocus 

0.1  % 

Astigmatism 

0.2% 

Coma 

3.0% 

Spherical  aberration 

5.3  % 

Table  2.  RMS  errors  of  several  aberrations  approximation  by  17- 
electrode  bimorph  corrector. 


of  elements  that  need  to 
be  used  to  correct  for 
the  low-order 

aberrations.  Analyzing 
the  level  map  given  in 
Fig.  3  we  can  point  out 
that  the  shape  of  the 
response  functions  of 
different  electrodes 

looks  very  close,  and 
the  amplitude  of  the 
surface  deformation  is 


also  very  close. 

Table  2  presents  the  measured  RMS  errors  of  approximation  of  some  low-order 
aberrations  by  17-electrode  bimorph  corrector. 
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2.2  Water-cooled  bimorph  corrector 

For  high  average  power  C02  lasers  there  is  the  problem  of  constructing  controllable 
cooled  mirrors,  production  of  which  is  rather  complicated.  A  corrector  of  this  kind 
should  satisfy  a  number  of  technical  requirements:  it  should  have  the  necessary 

optical  strength,  its 
service  life  should  be 
long  (~  1000  hours),  and 
it  should  be  easy  to 
^  construct  and  use.  The 

-2  mirror  surface  should  be 

6  continuously  deformable 

and  the  amplitude  of 
displacement  of  the 
corrector  surface  should 
be  -X/2  (A=10.6  p.  -  is 
Fig.  4.  Copper  water  cooled  bimorph  mirror.  1  -  copper  substrate;  2  the  wavelength  of  the 

-  piezoceramic  disks;  3  -  control  electrodes;  4  -  canals  for  cooling  corrected  radiation) 

water;  5  -  reflecting  surface;  6  -  common  electrode. 

We  have  developed 
water  cooled  mirrors 

based  on  semi-passive  bimorph  piezoelement.  They  consisted  of  a  copper  (or 
molybdenum)  plate  2.5  mm  thick  and  100  mm  in  diameter.  One  side  of  the  plate 
was  polished  and  used  as  a  mirror,  whereas  two  piezoelectric  ceramic  disks  0.3  mm 
thick  and  50  and  46  mm  in  diameter  were  glued  on  the  other  side  (Fig.  4).  First 
piezodisk  was  used  to  control  for  the  curvature  of  the  mirror  surface  and  17 
electrodes  (Fig.  2)  were 
evaporated  on  the  outer  side  of 
the  second  piezodisk  to 
compensate  for  different 
aberrations  of  the  wavefront. 

The  cooling  system  of  the 
corrector  was  of  the  waffle  type. 

A  copper  plate  consisted  of  two 
solded  disks  in  which  channels 
of  0.5  mm  deep  were  formed  for 
the  circulation  of  the  cooling 
liquid.  The  size  of  the  contact 
areas  between  the  plates  was 
3x3  mm.  Fig.  5  shows  the 
sample  of  such  a  corrector. 

The  sensitivity  of  correctors 
was  estimated  from  the  displacement  of  the  interference  fringes  at  the  center  of  the 
pattern  when  the  voltage  of  100  V  was  applied  to  all  electrodes.  It  amounted  to  1,7 
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|x.  The  frequency  of  first  resonance  of  our  correctors  was  in  the  range  of  3  -  4  kHz. 
An  active  mirror  was  tested  under  an  optical  load  of  C02  laser  radiation  with  an 
average  power  density  of  2.5  kW/cnr  I2.  The  corrector  surface  profile  was 
determined  using  a  shearing  interferometer.  This  optical  load  produced  practically 
no  deformation  of  the  mirror  surface,  indicating  that  the  cooling  system  was 
effective.  There  were  no  distortions  of  corrector  response  function  under  the  action 
of  this  load.  A  similar  test  of  an  uncooled  adaptive  mirror  resulted  in  considerable 
thermal  deformation  of  the  surface. 

This  types  of  the  bimorph  correctors  were  successfully  used  as  an  intracavity 
mirrors  to  control  for  the  radiation  of  a  C02  13,  YAG  I4,  copper-vapor  15  and 
eximer16  industrial  lasers. 


3  CONTROL  SYSTEM  FOR  ADAPTIVE  MIRROR 


The  up-to-date  adaptive  mirrors  require  high-power  compact  and  low-cost  control 
system  capable  of  interfacing  with  personal  computer.  The  capacitive  load  and  a 
great  many  channels  pose  specific  difficulties  in  realization  of  these  characteristics. 
The  suggested  control  system  presents  a  variant  of  solving  these  problems.  The 
amplifier  unit  ensures  the 
adjustment  of  control  voltages 
in  the  range  ±  300  V  in  20 
channels  by  the  orders  from 
the  IBM  PC  (the  parallel  data 
channel).  The  frequency  range 
of  operation  from  0  to  500  Hz 
is  therewith  attained  in  all  the 
channels  at  0.2  pF  load  per 
channel.  Fig.  6  shows  the 
sample  of  this  control  block. 


Fig.  6.  Photo  of  the  control  block  for  adaptive  mirror. 


4  CONCLUSION 

Bimorph  mirrors,  control  system  and  required  software  was  developed  and 
manufactured  at  IPLIT  RAN.  Low  cost  and  multipurpose  application  are  the 
distinctive  peculiarities  of  this  device.  They  can  be  suggested  for  compensation  of 
large-scale  low-order  aberrations  in  the  adaptive  imaging  systems,  laser  beam 
formation  and  correction  in  the  tasks  of  material  processing  technologies,  image 
correction  in  retinoscopy  and  endoscopy,  etc. 
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One  of  the  fundamental  sensitivity  limits  of  Hartmann-type  wavefront  sensors,  especially  for 
coherent  light,  is  the  crosstalk  between  adjacent  lenses  caused  by  the  hard-edge  diffraction 
from  the  lens  apertures.  In  this  paper  we  describe  the  use  of  lens  apodization  to  reduce  the 
hard-edge  diffraction  and  thus  reduce  the  crosstalk  between  lenses.  First,  diffraction  modeling 
of  the  crosstalk  reduction  between  classic  square  aperture  diffraction  and  gaussian  diffraction 
is  presented.  We  present  a  new  technique  for  apodization  of  micro-lenses  based  upon 
evaporation  of  a  metal  through  a  micromachined  array  of  apertures.  A  one-dimensional  trace 
through  the  apodization  aperture  was  shown  to  fit  well  to  a  3rd  order  super-gaussian  profile. 
Finally,  the  intensity  profiles  from  unapodized  and  apodized  lenses  are  presented  showing  no 
hard-edge  ringing  with  apodization  when  observed  on  a  CCD. 

1  Introduction 

All  Hartmann-type  wavefront  sensors  measure  the  spot  positions  of  light  diffracted 
from  an  array  of  apertures  to  determine  the  shape  of  an  optical  wavefront  impinging 
on  the  aperture  array.  Hartmann’s  original  invention  of  the  sensor  used  diffraction 
from  hard  apertures  put  into  an  opaque  screen  or  plate.1  Astronomical  adaptive 
optics  adopted  the  Hartmann  sensor,  but  the  need  for  high  photon  efficiency 
precluded  the  use  of  such  a  screen.  To  address  this  need,  Roland  Shack  and  Ben 
Platt  introduced  the  use  of  arrays  of  lenses  in  place  of  the  opaque  screen.2  The 
development  of  micro-optics,  specifically  using  binary  optics,  allowed  the 
fabrication  of  high-quality  small  arrays  of  lenses  to  be  realized. 

Today  the  Hartmann-type  wavefront  sensor  is  being  used  for  optical  metrology 
and  laser  beam  characterization.  Lenses  used  for  Shack-Hartmann  wavefront 
sensing  have  fairly  long  focal  length  because  this  improves  the  sensitivity  of  the 
sensor  to  phase  tilt  by  increasing  the  moment  arm  and  spreading  the  focal  spot  over 
many  pixels  on  a  CCD  which  provides  better  centroid  accuracy.  These  slow  (large 
17#)  lenses  create  large  diameter  diffraction  patterns  and  the  diffraction  pattern  from 
an  individual  lens  in  the  detection  plane  spreads  into  the  area  behind  its  neighboring 
lens  and  creates  crosstalk.  Coherent  sources  of  radiation  exacerbate  the  crosstalk 
through  interference.  We  present  a  solution  to  this  problem  by  applying  a  gaussian 
or  super-gaussian  intensity  profile  to  each  lens.  For  a  gaussian  intensity  profile,  the 
far-field  diffraction  pattern  is  a  gaussian.  Although  with  this  intensity  profile  there 
is  still  light  leaking  from  one  lens  to  another,  the  amount  of  light  is  greatly  reduced 
and  the  crosstalk  is  reduced  because  the  intensity  profile  is  smooth. 
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In  this  paper  we  present  diffraction  analysis  of  square  lenses  and  lenses  with  a 
gaussian  intensity  profile.  We  discuss  the  possible  use  of  super-gaussians  to 
maximize  transmitted  intensity  while  maintaining  the  beneficial  effects  of 
apodization.  Then  we  present  the  apodization  technique  for  micro-lenses.  Finally, 
we  present  measured  intensity  profiles  at  the  focus  of  apodized  and  unapodized 
lenses. 

2  Modeling  of  Crosstalk 

To  demonstrate  the  effect  of  crosstalk,  we  modeled  an  array  of  lenses  with  different 
far-field  diffraction  patterns.  The  focal  plane  was  modeled  by  coherently  adding  an 
array  of  far-field  diffraction  patterns.3  To  model  the  CCD,  the  intensity  measured 
by  each  pixel  was  determined  by  summing  100  intensity  points  evenly  distributed 
over  that  pixel.  The  intensity  was  then  digitized  to  a  set  number  of  bits.  The  spot 
position  was  determined  using  the  centroid,  which  is  the  sum  of  the  intensity  times 
the  position  for  a  given  pixel  divided  by  the  sum  of  the  intensity.  To  eliminate  the 
fluctuations  in  the  intensity  outside  the  main  focal  spot,  the  intensity  was 
thresholded  by  subtracting  a  value  from  the  intensity  measured  at  each  pixel  and 
zeroing  the  intensities  below  zero.  For  square  lenses,  we  define  a  unitless  parameter 
to  characterize  the  diffraction  called  the  lens  order  that  is  the  lens  diameter  (length 
of  a  square  side)  divided  by  the  focal  spot  radius.  This  parameter  is  exactly  four 
times  the  Fresnel  number  of  a  simple  lens,  which  is  given  by  the  radius  squared  over 
the  product  of  the  focal  length  and  the  wavelength.4 

To  see  the  effects  of  crosstalk,  we  modeled  a  variety  of  square  lens  arrays  with 
100  lenses  by  evaluating  the  centroid  of  the  focal  spot  in  the  fifth  row  and  column 
and  moving  the  position  of  the  focal  spot  adjacent  to  it.  Measuring  the  motion  of 
the  centroid,  the  crosstalk  can  be  illustrated.  Throughout  this  modeling,  we 
assumed  100  pixels  per  square  lens,  a  square  pixel  size  of  10  microns,  a  threshold  of 
10%,  12  bits  of  digitization,  and  a  wavelength  of  633  nm. 

We  modeled  lens  arrays  with  a  sine  and  a  gaussian  electric  field  distribution. 
To  get  an  idea  of  the  optimum  lens  order  for  this  case,  the  RMS  crosstalk  error  was 
determined  for  a  variety  of  lens  orders  for  motion  from  the  center  to  the  point  where 
the  adjacent  focal  spot  reaches  the  edge  of  its  lens.  The  RMS  error  from  the  sine 
electric  field  slowly  dropped  off  from  1.4  microns  at  N=4  to  0.27  microns  at  N=8. 
Beyond  a  lens  order  of  6,  no  crosstalk  could  be  measured  on  the  gaussian  aperture 
lenses  because  the  shifts  in  the  intensity  profiles  were  less  than  the  12  bit 
digitization  used. 

3  Gaussian  and  Super-Gaussians 

A  super-gaussian  is  mathematically  identical  to  a  gaussian  except  that  the  argument 
of  the  exponential  is  raised  to  a  higher  power.  The  power  of  the  super-gaussian  will 
be  refered  to  as  its  order.  A  normal  gaussian  is  a  2nd  order  super-gaussian.  By 
placing  a  super-gaussian  intensity  profile  on  a  square  lens  such  that  the  edge  of  the 
square  has  1%  transmission  throws  away  quite  a  bit  of  the  light  through  either 
reflection  or  absorption.  A  gaussian  transmission  profile  rejects  90%  of  the 
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incoming  light  when  compared  to  an  equivalent  unapodized  aperture.  Moving  to  a 
5th  order  super-gaussian,  only  65%  of  the  light  is  rejected.  The  low  transmission  is 
not  appropriate  for  astronomical  applications,  but  for  optical  metrology  and  laser 
characterization  where  photons  are  plentiful,  this  loss  is  acceptable. 

4  Fabrication  of  Intensity  Profiles 

The  micro-lenses  were  fabricated  in  a  standard  clean  room  using  integrated  circuit 
technology  from  wafers  of  fused  silica  4  inches  in  diameter  and  400  microns  thick. 
Before  the  lenses  were  fabricated,  the  apertures  were  deposited  on  the  wafers.  This 
was  done  by  evaporating  nickel  through  apertures  made  from  thin  silicon  nitride  on 
a  silicon  wafer  held  a  distance  from  the  glass  substrate. 

To  fabricate  the  evaporation  mask,  silicon  wafers  were  coated  with  1.2  microns 
of  silicon  nitride.  The  silicon  nitride  was  patterned  on  both  sides  of  the  wafer  using 
photolithography  and  plasma  etching  to  create  the  evaporation  apertures  on  one  side 
and  release  patterns  on  the  opposite  side.  The  release  patterns  were  1cm  squares 
that  allowed  a  silicon  etchant,  potassium  hydroxide,  to  release  the  membrane  on  the 
opposite  side  with  the  appropriate  patterns  for  evaporation.  Then  the  wafers  were 
placed  into  20  wt%  KOH  at  80C  to  selectively  remove  the  silicon  and  release  the 
nitride  membranes. 

Several  different  evaporation 
aperture  patterns,  shown  in  Figure 
1,  were  used  to  create  the 
apodization.  Initially  it  was 
thought  that  the  best  pattern  would 
be  a  half-tone,  but  due  to  the  60 
micron  feature  limit  which  resulted 
from  using  2400  dpi  laser-printed 
masks,  the  closest  pattern  to  this 
was  an  array  of  60  micron  diameter 
holes  on  a  120  micron  grid.  These 
holes  were  placed  only  outside  a 
circle  of  a  given  radius  so  that  the 
center  of  the  circle  would  have  high  transmission  and  the  edges  would  have  less 
transmission.  This  pattern  will  be  referred  to  as  the  hole-array  pattern.  Another 
pattern  that  was  used  was  an  array  of  cross-type  patterns  at  the  edges  of  the  lenses. 
The  widths  of  the  lines  forming  the  cross  were  varied  between  120  microns  and  200 
microns.  This  pattern  will  be  referred  to  as  the  cross-pattern.  Lenses  were  designed 
to  be  approximately  600,  800,  and  1000  microns  in  diameter. 

The  evaporation  of  nickel  onto  the  substrates  took  place  in  a  standard  e-beam 
evaporator  with  a  target  to  substrate  separation  of  10  inches.  The  behavior  of  this 
system  was  modeled  like  an  extended  optical  source  using  ray  optics.  The  modeling 
made  clear  that  in  order  to  have  optimum  control  over  the  intensity  profile,  the 
distance  between  the  mask  and  die  substrate  should  be  minimized  to  avoid 
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Figure  1  -  Mask  patterns  used  to  create  holes  in 
the  silicon  nitride  membrane  for  evaporation 
apodization. 
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unnecessary  spreading  of  the  nickel.  Due  to  the  limited  feature  size  in  our  masks, 
we  were  forced  to  use  a  distance  of  about  2.5  cm  between  the  substrate  and  the 
mask  to  achieve  enough  spreading  of  the  nickel  that  the  individual  apertures  in  the 
hole-array  pattern  could  not  be  resolved  in  the  transmitted  intensity  profile.  Much 
below  2.5cm,  the  transmitted  intensity  profile  of  the  hole-array  pattern  had  visible 
bumps  corresponding  to  the  locations  of  the  individual  holes.  Another  feature  of 
this  process  that  became  clear  during  the  modeling  was  the  image  magnification  and 
distortion  printed  onto  the  substrate.  The  spreading  of  the  e-beam  is  radially 
dependent  and  thus  produces  magnification  and  a  pincushion  distortion  in  the 
intensity  profile  printed  to  the  mask.  This  distortion  can  be  compensated  in  the 
creation  of  the  masks.  (To  perform  our  testing,  we  only  compensated  for  the  linear 
magnification  term  which  limited  our  useable  mask  area,  but  greatly  simplified  the 
mask  design.) 

To  achieve  acceptable  intensity  profiles,  the  amount  of  nickel  deposited  and 
distance  between  the  mask  and  the  substrate  were  adjusted.  The  separation  of  the 
mask  and  the  substrate  allowed  control  of  the  spreading  of  the  intensity  pattern. 
The  amount  of  nickel  deposited  allowed  control  of  the  maximum  optical  density. 
We  found  that  200nm  of  nickel  created  enough  stress  on  the  silicon  nitride 
membranes  to  rupture  them,  so  this  defined  our  upper  limit  of  the  deposition 
thickness.  The  process  that  resulted  in  the  intensity  profiles  presented  here 
deposited  200nm  of  nickel  onto  the  fused  silica  substrate  with  a  separation  of  0.75 
inches. 

5  Intensity  Profile  Results 

The  intensity  profiles  of  the  arrays  were  measured  before  the  lenses  were  placed 
onto  the  wafers.  To  accomplish  this,  the  wafer  was  scanned  through  the  focus  of  a 
helium  neon  laser  at  633nm  using  a  motorized  translation  stage.  A  digitizing 
oscilloscope  recorded  the  transmitted  light  as  measured  on  a  photodiode.  The  most 
successful  run  was  for  a  separation  of  the  wafer  and  mask  of  0.75  inches  and  200nm 
of  nickel  deposited  onto  the  mask.  One  profile  produced  by  the  cross  pattern  was  fit 
to  a  super-gaussian  and  determined  to  have  an  order  equal  to  3.08.  The  RMS  fit 
error  was  only  0.126  volts  out  of  a  peak  voltage  of  about  5.9V.  The  hole-array 
patterns  produced  similar  smooth  intensity  profiles,  but  because  of  the  reduced 
amount  of  nickel  transmitted  through  these  masks,  they  did  not  achieve  sufficient 
optical  density  to  eliminate  the  ringing  associated  with  the  edges  of  the  lenses. 

6  Apodized  Lenses 

After  the  intensity  mask  was  created  on  the  glass,  5  microns  of  AZ4620  photoresist 
were  spun  onto  the  front  side  to  protect  the  nickel  coating.  It  was  then  hard-baked 
for  10  minutes  at  120C.  AZ4620  was  then  spun  onto  the  backside  of  the  wafer  to  a 
thickness  of  12  microns  and  baked  for  15  minutes  in  an  oven  at  90C.  The  resist  was 
exposed  and  developed  to  form  cylindrical  pillars.  The  pillars  were  transformed 
into  lenses  by  placing  the  substrate  on  a  small  glass  petrie  dish  lid  that  was  sitting  in 
a  crystallization  dish  with  20mL  of  acetone  in  the  bottom.  Then  a  seal  was  made 
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over  the  top  by  placing  a  large  plastic  petrie  dish  lid  over  the  crystallization  dish  and 
a  full  1  gallon  jug  of  acetone  on  top  of  the  plastic  petrie  dish  lid.  This  allowed  the 
acetone  vapor  to  begin  to  dissolve  the  pillars  of  resist  and  form  lenses.  After  five 
minutes  of  exposure,  the  wafer  was  placed  into  an  oven  set  at  120C  for  10  minutes 
to  drive  off  the  solvents  and  solidify  the  lenses.  Finally  the  lenses  were  transferred 
into  the  substrate  using  a  CF4  and  02  plasma  etch. 

The  intensity  profile  of  the  focal  plane  was  determined  by  imaging  the  focal  plane 
of  the  lens  under  test  onto  a  Cohu  2122  CCD  with  a  30mm  achromatic  lens.  A 
diode  laser  collimated  with  a  shear  plate  was  used  as  the  light  source.  Because  the 
important  details  of  the  intensity  profiles  were  very  low  intensity,  the  dynamic 
range  of  the  CCD  had  to  be  pushed  using  electronic  shuttering  of  the  camera.  The 
CCD  was  adjusted  to  be  in  a  linear  regime  by  setting  the  shuttering  to  1/10,000  s 
and  using  the  current  knob  on  the  diode  laser  and  the  gain  knob  on  the  CCD. 
Images  were  then  taken  with  the  shutter  set  at  1/10, 000s,  l/4000s,  l/1000s,  and 
l/250s.  Although  this  procedure  resulted  in  saturating  the  CCD  in  the  focal  spot, 
the  diffracted  wings  remained  unsatured.  Slices  through  the  intensity  profile  were 
taken  of  the  focal  spots  normal  to  the  scanning  direction  of  the  CCD  to  prevent  any 
effects  of  CCD  blooming. 

Figure  2  shows  the 
measured  intensity  profiles 
for  l/250s  shuttering  (40x 
amplification).  The  lenses 
without  nickel  profiles  on 
them  showed  the  classic 
circular-aperture  diffraction 
profile.  Theapodized 
lenses  exhibited  no 
observable  diffraction 
ringing. 

7  Conclusions 

We  have  used  modeling  to 
demonstrate  that  apodizing 
lenses  reduces  the  crosstalk 
for  Shack-Hartmann 
wavefront  sensing.  Further 
we  have  demonstrated  a  technique  for  apodizing  micro-lenses  using  evaporation  of 
a  metallic  absorber  through  a  mask.  Application  of  this  technique  can  thus  be  used 
to  reduce  the  crosstalk  in  Shack-Flartmann  wavefront  sensing  below  its  ability  to  be 
observed  by  standard  CCDs. 


Figure  2  -  Focal  spot  profiles  with  respect  to  readius  for  an 
apodized  and  an  unapodized  circular  lens. 
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Shack  Hartmann  technology  is  classically  presented  in  a  matrix  approach.  We  describe  in  this 
paper  a  new  method  for  wavefront  sensing  with  a  linear  Shack-Hartmann.  The  idea  is  based  on 
the  real  need  of  the  user :  a  «  waveline  »  can  provide  a  simple  way  and  low  cost  system  for  tilt 
and  focus  control  and  also  a  very  useful  information  for  optical  adjustment ;  in  the  other  hand, 
the  same  system  can  be  used  for  a  complete  characterization  of  the  wavefront  after  a  radial  scan 
of  the  beam.  The  line  geometry  and  smart  softwares  are  offering  new  powerful  advantages  for 
such  sensors :  speed,  dynamic,  accuracy. . . 


1  Introduction 

Linear  Shack-Hartmann  is  not  a  classical  way  to  measure  and  characterize 
wavefront.  We  will  see,  in  this  paper,  the  advantages  to  take  a  linear  approach  for 
wavefront  measurement.  We  will  present  applications  where  a  2  dimensional 
(matrix)  measurement  is  not  required  and  where  a  linear  wavefront  sensor  (with  its 
advantages)  is  perfectly  convenient  and  much  more  efficient  than  a  2  dimensional 
shack  Hartmann  sensor. 


2  Waveline  sensing  principle 

The  H-LINE  technology  is  based  on  classical  Shack-Hartmann,  but  using  a  linear 
geometry  which  means  a  linear  CCD  ship  and  a  linear  array  of  cylindrical 
microlenses,  as  shown  in  fig.  1  ;  the  local  slope  are  measured  in  the  same  way  as 
the  classical  SH,  by  processing  the  centroid  position  of  each  spot.  A  slim  slot  can 
be  placed  in  front  in  order  to  select  the  incoming  light ;  it  is  also  a  way  to  make  a 
pre-tilt-adjustment  of  the  sensor  (in  the  x  direction  on  fig.l)  to  work  with  the 
nearly  normal  incidence  (±  3°). 

Once  the  local  slopes  are  processed,  the  wavefront  has  to  be  reconstructed.  A 
zonal  or  a  modal  mode  can  be  chosen.  We  have  developed  a  modal  reconstruction. 
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As  the  geometry  is  linear,  we  have  taken  the  Legendre  polynomial  base  which 
is  an  orthogonal  base  on  a  linear  support. 


Figure  1. 

The  typical  parameter  of  this  wavefront  sensor  which  is  commercially  available  are 
the  following  :  CCD  with  2048  pixels,  50  to  200  microlenses  in  the  measurement 
direction,  and  a  physical  aperture  dimension  of  28,7  mm. 

3  Wavefront  sensing  principle 

A  radial  sampling  of  the  wavefront  leads  to  a  complete  characterization  of  the 
wavefront  with  no  loss  of  the  useful  information.  The  idea  is  that  the  user  can 
choose  an  adapted  "resolution"  of  the  sampling  to  see  more  or  less  the  classical 
aberration  order. 

Information  contained  in  some  wavefront  meridian  lines  is  widely  sufficient  to 
respond  in  most  of  cases  to  users  demands.  Indeed,  one  meridian  line  provides 
exact  values  of  x  tilt,  of  focus,  of  spherical  aberrations  (3rd  and  5th  order);  two 
orthogonal  wavefront  lines  drive  to  exact  values  of  tilts  (x  and  y),  of  focus,  of 
comas,  of  spherical  aberrations  (3rd  and  5th  order)  and  of  astigmatism.  By 
extension,  acquisition  of  four  meridian  lines  provides  32  of  36  first  Zernike 
polynomials;  eight  meridian  lines  give  a  still  higher  precision  exceeding  Zernike 
polynomial  n°  66  (Fig  2). 

The  mathematics  to  achieve  the  link  between  the  Legendre  lines  and  the 
Zernike  decomposition  is  a  projection  from  the  Legendre  base  to  the  Zernike  base. 
To  do  that  without  any  loss  of  information  for  the  considered  aberrations  is  to 
respect  the  orthogonality  properties  of  the  polynomials  in  the  projection. 


Figure  2. 


4  Advantages  and  applications 

This  new  concept  offers  some  strong  advantages  compare  to  the  classical  approach 
and  even  compare  to  other  technology.  One  of  them  is  the  very  high  dynamic  of 
this  sensor  thank  to  the  numerous  pixels  and  to  smart  processing  software  (more 
than  10000  A  stroke).  This  leads  to  work  with  very  divergent  or  convergent  beam 
(till  N  =  2)  as  well  as  collimated  beam  (keeping  the  same  accuracy  :  A/75  rms). 
Moreover,  the  high  aperture  of  the  sensor  (28,7  mm  on  the  standard  version) 
makes  it  easy  to  place  in  a  beam  without  using  any  optical  system  (which 
introduced  some  distortion  in  the  beam  the  user  wants  to  check). 

Another  property  of  this  sensor  is  the  speed  :  because  there  is  only  one  line  to 
measure  (and  not  a  complete  matrix),  it  is  possible  to  work  at  a  rate  of  100  Hz  in 
the  standard  version  of  the  device.  It  is  very  convenient  for  the  user  who  can  adjust 
in  real  time  his  optical  bench  or  system. 

Thank  to  the  above  points,  this  sensor  becomes  the  perfect  tool  to  be  used  for 
optical  adjustment !  Let’s  give  a  simple  illustration  of  this  (fig.  3).  To  align  an 
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optical  system,  the  user  can  process  in  four  simple  steps  which  are  leading  to  a 
high  accuracy  and  reproducible  alignment : 


optical  component 


•  Control  the  source  position  and  center  the  sensor 

•  Center  lenses  controlling  image  source  position 

•  Focus  control  (collimated  beam  or  other) 

•  Suppressing  the  tilt  of  the  system,  optimizing  coma  and  astigmatism  (fig.  4) 

Once  the  optical  bench  is  well  aligned,  it  can  be  useful  to  control  the  quality  of 
the  wavefront.  It  is  possible  with  the  same  sensor  by  a  radial  sampling  with  no 
change  in  the  optical  configuration,  even  if  the  beam  is  diverging  or  converging  ! 
Moreover,  the  H-LINE  technology  offers  a  high  resolution  (till  a  few  hundred  of 
subapertures  !) 


Figure  4. 


That  means  the  operator  can  control  an  objective  in  its  working  configuration 
(with  for  instance  a  back  focal  lens  of  a  few  centimeters). 


Figure  5. 


To  complete  the  quality  control,  the  software  provides  the  table  of  the  Zemike,  the 
point  spread  function  and  the  MTF,  a  spot  diagram,  the  Sthrel  ratio,  etc...  all  the 
tools  needed  to  completely  characterized  the  system  (Fig  5). 

5  Applications  :  focus  control  of  industrial  laser 

The  focus  is  an  aberration  which  can  be  measured  very  easily  with  a  H-LINE.  Two 
applications  are  developed  around  the  measurement  of  this  parameter  : 

1 .  an  optical  probe  to  make  3D  measurement 

2.  an  adaptive  probe  to  make  a  focusing  control  of  a  laser 

3D  measurement  find  applications  in  industry  for  distance  control :  thank  to 
this  probe,  it  is  possible  to  operate  surface  mapping  or  process  control  (fig.  6). 


Figure  6. 
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Such  a  system  can  reach  1  pm  accuracy  on  distance  measurement  with  20  mm 
stroke  or  5  (im  accuracy  with  100  mm  stroke.  The  bandwidth  is  over  500  Hz. 

Using  the  same  philosophy,  it  is  possible  to  measure  in  the  same  time  the  focus 
of  a  laser  and  the  real  location  of  the  target.  Then,  a  direct  comparison  can  lead  to 
a  close  loop,  in  order  to  keep  the  focussed  spot  at  the  same  distance  of  the  target. 
This  application  can  be  used  for  laser  welding  or  cutting  (Fig  7). 


6  Conclusion 


This  new  generation  of  sensors  is  offering  very  large  possibilities  for  a  moderate 
cost  (less  than  20  k$).  Because  the  waveline  is  a  basic  parameter  of  the  wavefront, 
easy  to  manage  and  containing  lots  of  information,  this  sensor  can  be  used  as  well 
as  for  labs  application  (optical  adjustment),  for  process  control  in  industry  or  for 
many  applications  in  adaptive  control  of  beams  (tilt  and  focus). 


Figure  7. 
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We  report  on  the  possibilities  for  a  novel  integration  approach  to  Hartmann-Shack  wavefront 
sensors,  which  combines  two  consolidated  technologies,  i.e.,  planar  micro-optics  and 
microelectronics  standard  CMOS  process.  Therefore,  a  compact  low-cost  device  comprising 
micro-lenses  and  silicon  photodetectors  can  be  fabricated,  taking  full  advantage  of  component 
optimization  in  both  technologies.  Currently,  expensive  CCD  image  sensors,  a  powerful 
computer  and  complicated  data  reduction  algorithms  are  required  to  generate  the  wavefront 
profile.  This  hinders  system  miniaturization  and  real-time  results.  As  an  alternative,  an  array  of 
optical  position-sensitive  detectors  (PSD’s)  can  be  tailored  to  the  aimed  application  and  generates 
output  voltages  proportional  to  the  spots  positions,  thus  avoiding  CCD’s  rather  complex  image 
analysis.  This  paper  presents  the  initial  step  for  an  integrated  H-S  sensor  based  on  a  micro-lens 
array  to  be  geometrically  mounted  on  top  of  a  PSD  array  fabricated  in  standard  CMOS  process 
line.  To  date,  several  PSD’s  featuring  different  photosensitive  characteristics  and  two- 
dimensional  layouts  have  been  fabricated  at  our  laboratory.  Results  on  these  devices  are 
discussed. 


1  Introduction 

Among  several  types  of  wavefront  sensors,  the  Hartmann-Shack  is  the  one  that  is 
most  widely  employed,  not  only  due  to  its  practicality  but  also  because  it  offers  the 
possibility  to  have  information  about  aberrations  in  real-time  [1,  5],  Nevertheless, 
there  is  no  integrated  and  cheap  H-S  sensor  available  yet  and  each  time  one  needs 
it,  one  either  has  to  assemble  off-the-shelf  components  to  make  one,  or  buy  a  big 
and  expensive  system.  An  H-S  wavefront  sensor  basically  consists  of  a  microlens 
array,  a  detector  and  a  data  processing  unit.  On  the  first  step  to  the  development  of 
a  low-cost  integrated  device,  we  investigate  the  possibilities  of  replacing  the 
traditional  CCD  by  an  array  of  CMOS  position-sensitive  detectors  (PSD’s).  This 
allows  future  integration  of  reliable  low-cost  low-power  electronic  circuitry  to  the 
sensor.  There  will  be  as  many  PSD’s  as  microlenses,  and  each  of  them  will  output 
the  position  of  a  single  light  spot.  The  PSD  is  the  building  block  of  the  detector 
part.  This  means  that  as  soon  as  we  make  one  PSD  which  offers  acceptable 
performance,  we  must  simply  make  an  array  of  them  to  have  the  whole  detector  for 
the  H-S  sensor.  We  then  tried  different  sorts  of  two-dimensional  PSD’s  and 
analyzed  their  behavior.  High  accuracy  (<  1  pm),  200  pm  position  range  and 
independence  on  light  intensity  are  the  main  specifications  to  be  met  at  this  stage. 
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2  Implementation 


Two  different  geometrical  structures,  for  2D  PSD’s,  based  on  a  multi-pixel 
arrangement  were  fabricated  using  a  standard  1.6pm  double-metal  n-well  CMOS 
process  line.  The  first  one  features  25  pixels  arranged  in  a  chessboard-like 
configuration  (Fig.  la)  in  which  “white  pixels”  are  responsible  for  measuring  the  X 
coordinate  and  the  “black  pixels”  measure  the  Y  coordinate,  without 
interdependence  of  the  coordinate  signals  [3],  The  second  structure  consists  of  two 
complementary  spiral-shaped  sensing  elements  in  each  of  the  25  pixels  present 
(Fig.  lb).  The  current  dividing  method  was  used  for  the  output  currents  and 
therefore  linear  chains  of  divider  resistors  were  properly  connected  to  “white”  and 
“black”  elements  in  both  structures  [4],  The  dimensions  of  all  PSD’s  have  been 
made  about  2000pm  x  2000pm  with  individual  cells  about  400pm  x  400pm  large. 


X  Coordinate 
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Figure  1.  (a)  chessboard-like  structure,  (b)spiral  structure 


We  made  three  chessboard-like  structures,  two  with  photodiodes  and  one  with 
phototransistors  as  the  photo-sensing  elements.  The  upper  p+/n-well  junction  was 
used  for  the  photodiodes,  and  the  vertical  configuration  with  a  very  small  emitter 
was  employed  for  the  p+/n-well/p-substrate  phototransistors.  The  peculiarity  about 
the  photodiode  structures  is  that  one  was  made  with  a  single  n-well  for  the  whole 
device  area  with  shallow  p+  regions  embedded  in  it,  and  the  other  with  multiple  n- 
wells,  as  can  be  seen  in  the  cross-sections  shown  in  Fig.  2.  The  pitches  and  fill 
factors  for  each  structure  are  displayed  in  Table  1 . 


Table  1.  Geometrical  characteristics  of  the  structures  (5x5  pixels) 


Chessboard-like 

Photosensitive  element 

photodiode 

photodiode 

Phototransistor 

photodiode 

Architecture 

single  n-well 

multiple  n-wells 

■e— 

single  n-well 

860 

898 

828 

419 

Pitch  in  y-direction  (pm ) 

820 

858 

828 

419 

x  array 

#  pixels 

13 

13 

13 

25 

0.48 

0.45 

0.49 

0.41 

y  array 

EJ3ES9MH 

12 

12 

12 

25 

EIESSIirifBi 

0.44 

0.41 

0.45 

0.41 
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Every  cell  of  the  spiral  structure  has,  as  the  name  implies,  two  juxtaposed  spiral¬ 
shaped  photodiodes  so  as  to  fill  a  400jxm  x  400fxm  area.  Each  coordinate  pixel  is 
then  340p.m  x  340pm  large.  The  upper  p+/n-well  junction  is  used  and  a  single  n- 
well  is  common  to  all  pixels.  The  photodiode  with  multiple  n-wells  as  well  as  the 
phototransistor  approaches  were  not  considered  due  to  the  large  gaps  between 
spirals  in  a  pixel  that  they  would  require  due  to  technology  limitations.  The 
implemented  structure  is  shown  in  Fig.  3. 
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Figure  2.  Cross-section  of  (a)  single  n-well,  (b) 
multiple  n-wells  and  (c)  phototransistor  PSD 
structures 


Figure  3.  Photograph  of  implemented  spiral- 
structure  PSD 


3  Experimental  Results 

A  He-Ne  laser  was  used  for  the  measurements  (k  =  633nm).  The  photodiodes 
operated  with  the  n-wells  (cathodes)  and  substrates  grounded  and  the 
phototransistors  had  the  substrate  (collector)  kept  at  -14V.  The  output 
corresponding  to  the  position  in  each  direction  is  normalized  and  proportional  to 
the  difference  of  the  currents  at  both  ends  of  the  respective  resistive  chain. 
Amplification  offset  and  dark  currents  were  subtracted  from  each  signal. 

3. 1  General  results  on  the  various  structures 

We  measured  the  coordinate  response  to  spot  centroid  displacements  over  80%  of 
each  device  surface.  Spots  with  approximately  gaussian  intensity  profile  and 
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diameters  ranging  from  1  to  5  pixels  swept  the  surface  of  each  device.  The  incident 
light  power  was  5  pW  for  these  measurements.  Mismatch  between  X  and  Y 
coordinate  outputs  were  found  to  be  less  than  10%  and  4%  for  chessboard  and 
spiral  structures,  respectively.  Computer  models  were  built  to  simulate  the  spatial 
response  of  the  devices  for  different  spot  sizes  and  number  of  pixels. 

It  was  found  that  the  spiral  structure  featured  close  agreement  to  the  simulation 
prediction  for  every  spot  size  analyzed  (Fig.  4  and  Fig.  5),  whereas  the  chessboard¬ 
like  structures  did  not  achieve  the  performance  predicted  and  departed  from  the 
prediction  for  decreasing  spot  sizes  [2],  Among  these  latter,  the  best  results  for 
80%  of  the  device  area  were  exhibited  by  the  phototransistor  structure. 


X  Displacement  [micron]  X  Displacement  [micron] 

Figure  4.  Spiral  PSD  response  along  the  x-axis.  Figure  5.  Simulation  of  the  spiral  PSD  response 

Accuracy  is  indicated  next  to  each  curve.  along  the  x-axis.  Accuracy  is  indicated. 

The  way  the  accuracy  varies  with  spot  size,  for  the  spiral  PSD,  is  presented  in 
Fig.6.  It  is  found  that  the  accuracy  variation  with  spot  size  is  intimately  dependent 
on  the  geometrical  structure  [2], 


Number  of  pixels  in  x  direction 


Figure  6.  Comparison  of  accuracy  variation  Figure  7.  Comparison  of  accuracy  variation 
versus  spot  size  for  the  real  and  ideal  spiral  versus  number  of  pixels  in  one  direction  for  80% 

PSD  s  (5x5  pixels)  and  1 0%  of  the  active  area  (5x5  pixels) 
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In  Fig.  7  we  plot  the  accuracy  variation  with  number  of  pixels,  for  a  spot  diameter 
equal  to  2  pixels,  according  to  computer  simulations.  It  is  seen  that  the  accuracy 
improves  with  increasing  number  of  pixels  and  has  a  minimum  value  <  4pm  and 
<0.5pm  from  about  25  pixels  onwards  in  one  direction,  when  respectively  80%  and 
10%  of  the  device  area  is  considered.  This  means  that  a  25x25-pixel  PSD  will 
perform  as  well  as,  say,  a  lOOxlOO-pixel.  The  non-linearity  was  mainly  observed 
at  outermost  pixel  regions,  i.e.,  the  edges  of  the  response  curve,  where  the  spot 
departed  from  the  detector  area.  With  a  larger  number  of  pixels  the  non-linearity, 
due  to  edge  effects,  is  expected  to  decrease.  When  a  large  enough  number  of  pixels 
is  present,  then  the  non-linearity  is  strictly  dependent  on  the  ‘ripple’  caused  by  the 
discrete  structure  of  the  sensor  and  finite  size  of  the  light  beam. 

3.2  Results  on  the  spiral  structure  for  a  H-S  wavefront  sensor 

Each  individual  spiral  photodiode  has  responsivity  equal  to  0.09A/W  and  its  dark 
current  is  400nA.  For  the  H-S  wavefront  sensor  we  need  a  position  sensitive  range 
of  about  200pm  centered  at  the  middle  of  the  PSD  and  position  accuracy  better 
than  1  pm.  Besides,  it  should  also  allow  for  some  intensity  fluctuations  of  the  light 
source.  We  therefore  performed  tests  in  the  range  ±100mm  with  reference  to  the 
device  center.  A  rectangular  6x6  micro-lens  array  (focal  length  =  5mm,  lens 
diameter  =  1.5mm)  was  used.  An  aperture  (F  =  1.0mm)  was  used  to  select  one 
single  lens  and  screen  the  others.  The  detector  was  placed  outside  focus,  so  that  a 
spot  size  equal  to  two  pixels  could  be  used. 

The  response  of  the  spiral-structure  PSD  for  various  incident  power  levels  is 
displayed  in  Fig.  8.  Power  levels  below  1.5pW  presented  non-linearity  >  25%. 


Figure  8.  Spiral  PSD  response  along  x-axis 
over  10%  of  the  device  area  for  different 
incident  power  levels  (spot  =  2  pixels) 


Figure  9.  Spiral  PSD  position  error  due  to  zero 
value  shift  with  variation  of  the  incident  power 


220 


We  considered  5  pW  as  the  reference  incident  power  and  observed  that  there  is  a 
shift  from  the  zero  position  as  the  intensity  changes.  As  Fig.  9  shows,  for  a 
calibrated  curve  at  5  pW,  a  position  error  of  about  15  pm  will  be  added  to 
calibrated  value  if  the  power  changes  to  1.5  pW,  and  the  same  amount  of  error  will 
be  subtracted  if  the  power  changes  to  10  pW.  This  means  that  for  the  position 
error  to  be  smaller  than  the  accuracy  at  5  pW  (error  <  4.2  pm),  the  maximum 
allowed  fluctuation  in  power  should  be  ±  1  pW.  If  the  reference  power  is  taken  at 
a  higher  value,  then  the  allowed  power  fluctuation  around  that  value  is  also  higher. 
To  achieve  position  accuracy  better  than  1  pm  we  would  need  to  fabricate  a  device 
with  at  least  ten  pixels  in  one  direction,  as  suggested  by  Fig.  7. 

4  Conclusions 

Our  results  are  that  the  spiral  structure  reaches  much  better  results  than  the 
chessboard-like  one  and  allows  spots  comparable  to  the  pixel  size.  But  although  a 
spiral  PSD  can  be  made  with  a  larger  number  of  pixels,  so  as  to  improve  accuracy, 
there  is  a  dependence  on  the  light  intensity.  Therefore,  the  real  center  of  the  device 
is  not  well  defined.  These  factors  make  this  device  unattractive  for  a  wavefront 
sensor.  Nevertheless,  to  ensure  a  defined  center  and  avoid  intensity  dependence, 
CMOS  PSD’s  with  alternative  layouts  and  different  readout  techniques  can  still  be 
investigated  for  this  purpose. 
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It  is  now  possible  to  build  low  cost  adaptive  optics  systems  with  commercial  electronics  and 
with  no  specialized  computing  coprocessors  such  as  dedicated  digital  signal  processing 
boards.  The  ability  to  change  configuration  of  a  wavefront  sensor  including  its  sensitivity, 
dynamic  range,  and  also  subsequent  type  of  wavefront  reconstructor  have  a  variety  of 
applications  in  adaptive  optics,  wavefront  control,  and  deformable  mirror  calibration.  We 
present  our  implementation  of  these  methods  as  used  in  adaptive  optics  systems,  metrology 
systems,  and  commercial  wavefront  sensors. 


1  Overview 

The  paradigm  for  building  adaptive  optics  (AO)  systems  has  been  heavily 
influenced  by  rapid  advances  in  personal  computer  (PC)  technology.  It  is  now 
possible  to  base  real  time  AO  systems  on  a  single  processor  PC  and  obtain  data 
throughput  rates  of  lKHz  for  37  actuators  [1].  It  is  equally  important  for  such 
systems  to  be  easy  to  use,  and  a  portion  of  this  ease-of-use  is  the  ability  to 
reconfigure  the  wavefront  reconstructor  to  suit  the  application.  We  will  review  the 
physical  layout,  the  methods  for  deriving  wavefront  reconstructors,  and  the 
performance  of  a  PC  based  AO  system.  As  a  result  of  this  system,  more  flexible 
methods  for  deriving  wavefront  reconstructors  are  also  shown.  A  graphical  user 
interface  (GUI)  driven  software  package  for  these  reconstructors  shows  how  the 
user  can  select  from  zonal,  modal,  curvature,  or  even  stochastically  derived 
reconstructors.  We  briefly  discuss  each  type  of  reconstructor  and  show  how  it  is 
computed  based  on  poking  of  actuators  in  a  deformable  mirror  and  subsequently 
measured  by  a  wavefront  sensor.  Such  a  system  has  recently  been  used  to  compute 
the  flat  mirror  state  of  a  241  actuator  deformable  mirror  to  36nm  rms  flatness. 


2  PC  based  adaptive  optics 


2.1  Adaptive  optics  components 

The  required  functional  components  for  a  PC  AO  system  show  below  as  a  top  view. 
It  was  built  to  compensate  horizontal  path  turbulence  using  modal  control  as  will  be 
explained.  The  major  optical  and  electrical  interface  subsystems  are  the  wavefront 
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sensor,  tip/tilt  mirror, 
deformable  mirror,  and  the 
coupling  optics  between  the 
components.  The  wavefront 
sensor  used  is  a  Shack- 
Hartmann  lenslet  array  in  a 
hexagonal  grid  manufactured  by 
AOA.  The  resulting  spot 
images  were  recorded  by  a  128 
x  128  pixel  format  DALSA 
CA-D1-0128  camera  with 
measured  rate  of  780  frames  per 
second.  The  camera  output  was 
digitized  by  a  MuTech  MV1000 
PCI  bus  frame  grabber.  The 
tip/tilt  mirror  used  was  model 
S330.10  built  by  Polytec  PI. 

Control  voltage  signals  were  sent  to  the  amplifier  via  a  Digital  to  Analog  Converter 
board  (DAC)  connected  through  the  computer’s  ISA  bus.  A  Xinetics  37  actuator 
deformable  mirror  was  used  to  correct  the  higher  order  wavefronts.  An  ISA 
interface  card  and  software  from  Creative  Design  Solutions  was  used  to  send 
voltage  signals  to  the  deformable  mirror  high  voltage  electronics  chassis  where 
were  then  amplified  and  sent  to  the  deformable  mirror. 

2.2  Computing  environment 

All  real  time  operations  were  controlled  by  a  Server  personal  computer  (Server). 
This  machine  contained  all  the  interface  cards  described  above.  Its  function  was  to 
acquire  and  process  all  the  data  from  the  wavefront  sensor  camera,  process  the  data 
into  estimates  of  wavefront  error,  and  send  out  correction  signals  to  the  tip/tilt 
mirror  and  the  deformable  mirror.  A  preliminary  timing  experiment  showed  that  a 
PC  running  at  200  MHz  CPU  clock  speed  using  the  DOS  operating  system  was 
capable  of  performing  all  these  operations  in  real-time.  It  is  noteworthy  that  the 
entire  real  time  operation  was  designed  to  be  run  using  no  additional  coprocessors 
or  DSP  boards,  thus  a  truly  inexpensive  real-time  system  wasbe  realized. 

The  Client  PC  was  an  IBM  compatible  133Mhz  Pentium  running  under  the 
LINUX  operating  system.  The  existing  data  analysis  software  was  written  to 
include  the  AO  calibration  and  control  loop  functions  using  the  Tcl/Tk  tool  kit 
supplied  using  WaveLab,  AOA’s  commercially  available  software  data  reduction 
software  [2,3].  The  Server  and  Client  PC  communicate  with  each  other  via  an 
Ethernet  connection  . 
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2.3  Wavefront  control 

Limited  by  the  number  of  actuators  and  the  nature  of  the  turbulence,  we  chose  to 
correct  the  incident  turbulence  using  modal  control  [4,5].  The  rationale  for  this 
choice  was  as  the  turbulence  would  increase,  the  resulting  corrections  although 
suboptimal  due  to  the  limited  number  of  actuators  could  still  be  significant.  We 
have  also  had  success  with  this  approach  in  AOA’s  integration  of  the  ALFA  AO 
system  built  for  the  Max-Planck-Institutut  fur  Astronomie,  in  Heidelberg,  Germany 
[6].  Modal  control  also  provides  a  flexible  way  to  calibrate  the  wavefront  sensor 
and  to  reconfigure  wavefront  reconstruction  for  desired  correction.  A  simple 
mathematical  model  for  modal  estimation  of  wavefront  control  starts  with  the 

relation  between  the  turbulent  wavefront  in  each  subaperture,  O ,  and  the  measured 
wavefront  gradient,  g  is: 

g=MIf®  (i) 

where  the  matrix  M  denotes  the  geometric  relationship  between  the  positions  of 
the  subapertures  of  the  wavefront  sensor  and  the  positions  of  the  actuators  on  the 

deformable  mirror.  The  matrix  If  stands  of  the  spatial  influence  of  each  actuator 
for  each  of  the  measured  gradients.  Further,  the  wavefront  can  be  modeled  as  a 
model  decomposition  e.g.  as  a  sum  of  coefficients  times  each  of  the  Zemike 
polynomials  [7],  hence  (1)  can  be  rewritten  as: 

g  =  MI f Zd  =  \MIf Zax MI f Za2.. .Ml f Zak]  (2) 

The  numerical  values  for  the  matrix  product  Ml f  Z  are  found  during  calibration  by 

setting  a  single  mode  of  the  deformable  mirror  and  collecting  the  respective 
gradients  in  all  of  the  subapertures.  In  this  way  each  column  of  the  matrix  is 
determined,  and  then  combined  into  one  matrix.  Because  the  modes  are  usually 
global  and  observable  throughout  the  entire  pupil  of  the  wavefront  sensor,  this 
matrix  is  usually  always  frill  rank,  with  the  corresponding  reconstructor  matrix  is 
given  by: 

[mfzj  =\[mfz)T [mi fz^  (Mifzj  (3) 

The  superscript  T  denotes  matrix  transpose,  the  -1  superscript  a  matrix  inverse,  and 
the  +  superscript  a  generalized  inverse.  The  generalized  inverse  still  exists  in  the 
case  where  there  is  no  matrix  inverse  but  requires  special  inversion  methods  such  as 
those  using  a  singular  value  decomposition  [8].  In  practice  this  reconstructor  is 
determined  from  a  time  average  (2  seconds)  of  gradients  measured  from  a  set  of 
modal  'pokes'  on  the  deformable  mirror.  Our  AO  system  is  tripod  mounted  can  be 
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subject  to  frequent  small  movements  which  may  change  the  alignment  between  the 
subapertures  and  the  DM  actuators.  Thus  an  updated  reconstructor  can  be  quickly 
derived  when  a  change  in  structure  is  expected.  The  modes  are  estimated  from  the 
matrix  multiplication  of  the  reconstructor  with  the  measurement  of  wavefront 
gradient  for  each  frame  of  data  acquired  as: 

a  =  {MlfZj  g  (4) 

We  will  generalize  on  this  flexible  configuration  for  wavefront  reconstruction  in  the 
next  section. 

2.4  AO  system  performance 

We  tested  the  system  at  field  trials  along  a  1km  near  ground  horizontal  path.  Shown 
in  the  figure  below  are  the  average  open  and  closed  loop  power  spectral  densities 
(left)  and  magnitudes  (right)  for  the  average  of  the  first  8  higher  order  modes  (i.e. 
excluding  tip  and  tilt).  The  shape  of  the  responses  closely  match  with  the  control 
model  used  [1],  We  are  still  investigating  effects  of  scintillation,  and  digitization  in 
the  wavefront  sensing  camera  on  the  performance  of  the  control  system. 


2.5  Advanced  flexible  wavefront  reconstruction 

The  analysis  shown  in  Section  2.3  can  be  extended  using  the  signular  value 
decomposition  (SVD).  Using  Equation  2,  the  SVD  takes  the  form: 

g  =  MI  fZa  =  UWVTa  (5) 

where  instead  of  a  Zemike  polynomial  basis,  the  matrix,  V,  is  the  vector  of 
orthnormal  modes,  and  the  vector  a  is  still  the  vecotr  of  modal  weights.  Similarly  if 
desired,  the  zonal  reconstructor  can  be  derived  by  the  generalized  inverse: 
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R  =  VW~1Ut  (6) 

with  the  resulting  actuator  voltages  given  by: 

a  =  VW~lUTg  (7) 

Such  a  reconstructor  was  implemented  in  another  project  where  it  was  desired  to 
determine  the  null  position  of  a  241  actuator  deformable  mirror.  Usually  such  a 
project  is  done  via  interferometry  with  the  actuators  adjusted  by  hand.  However, 
using  the  SVD  based  reconstruction  approach,  we  were  able  to  easily  derive  a 
reconstrutor  by  observing  the  performance  of  the  mirror  by  poking  each  of  its 
actuators  and  observing  the  result.  With  this  reconstructor,  we  iteratively  corrected 
a  portion  of  the  residual  wavefront  error  until  the  resulting  error  was  negligible 
which  in  our  case  corresponds  to  36nm  rms.  This  result  is  verified  by  the 
interferograms  shown  in  the  figure  below.  The  irregularities  in  the  fringes  are  due  to 
turbulence  in  the  path. 


Zero  Count  State  UDM  Rattened  to  V25  rms 

(Primes  Before  Flatteninal  (Measured  'Double-Pass') 


3  Summary 

Flexible  wavefront  reconstruction  has  been  demonstrated  in  a  PC  based  AO  system 
used  to  correct  for  horizontal  path  near  ground  turbulence.  These  principles  have 
been  extended  using  SVD  methods  to  derive  flexible  wavefront  reconstructors 
which  has  been  implemented  for  a  mirror  flattening  procedure  for  a  241  actuator 
deformable  mirror.  Future  configurations  will  be  capable  of  performing  real-time 
wavefront  control  at  100  actuators  or  more  as  well  as  using  these  techniques  for 
10,000  subapertures  or  more  for  metrology  applications. 
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SUB-LENS  SPATIAL  RESOLUTION  SHACK-HARTMANN  WAVEFRONT 

SENSING 


JUSTIN  D.  MANSELL  AND  ROBERT  L.  BYER 
Edward  L  Ginzton  Laboratory,  Stanford  University,  USA.  jmansell@stanford.edu 

Traditionally  the  spatial  resolution  of  Shack-Hartmann  wavefront  sensing  has  been  limited  by 
the  size  of  the  lenses  used  in  the  array.  To  see  features  smaller  than  a  lens  diameter  the 
wavefront  had  to  be  magnified  before  entering  the  sensor  with  a  lens  or  set  of  lenses.  The 
disadvantage  of  this  technique  is  that  the  magnifying  lenses  then  impose  their  own  aberrations 
and  the  field  of  view  of  the  wavefront  sensor  is  reduced.  We  present  a  technique  for 
increasing  spatial  resolution  using  the  hard  aperture  of  the  lens  to  limit  the  wavefront  area 
being  sensed.  Diffraction  modeling  and  experimental  results  using  this  technique  are 
presented. 


1  Introduction 

Hartmann  wavefront  sensing  began  as  a  technique  for  optical  metrology1,  but  the 
adoption  of  the  technique  by  the  adaptive  optics  community  changed  its  primary 
usage.  Recently  Hartmann  sensors  have  been  developed  to  address  the  needs  of 
optical  metrology  again.2  Improvements  to  the  Shack-Hartmann  wavefront  sensor 
are  making  it  competitive  with  interferometry  for  some  applications.  There  are 
several  companies  selling  Shack-Hartmann  wavefront  sensors  at  a  fraction  of  the 
cost  of  commercial  interferometers.  Furthermore,  Shack-Hartmann  wavefront 
sensors  offer  vibration  insensitivity  and  typically  higher  dynamic  range  in  a  single 
compact  package.  Even  with  these  attractive  features,  Shack-Hartmann  wavefront 
sensing,  to  date,  has  not  been  able  to  reach  the  spatial  resolution  of  interferometry. 

Our  goal  in  this  work  was  to  show  that  the  Shack-Hartmann  wavefront  sensor 
could  be  used  to  measure  features  smaller  than  the  size  of  the  micro-lenses  that 
comprise  the  sensor.  Our  first  idea  was  to  do  the  inverse  spatial  Fourier  transform 
of  the  intensity  field  at  the  focus  of  the  each  of  the  lenses,  but  we  decided  that  the 
lack  of  intensity  field  resolution  made  this  prohibitive,  so  we  investigated  an 
alternate  technique  that  we  call  knife-edge  wavefront  sensing. 

In  this  paper,  we  show  that  small  aberrations  can  be  seen  by  a  Hartmann-type 
test  when  a  special  measurement  technique  is  employed.  The  basic  idea  is  to  move 
the  wavefront  across  the  micro-lens  array  in  steps  that  are  a  fraction  of  a  micro-lens 
diameter.  The  hard  edges  of  the  lens  aperture,  like  a  knife-edge,  adjust  the  section 
of  the  wavefront  exposed  to  each  lens.  The  centroid  of  the  intensity  distribution  in 
the  far-field  is  the  average  tilt  seen  by  the  micro-lens  aperture. 

Although  this  is  the  first  time  very  small  features  have  been  seen  with  a 
Hartmann-type  sensor,  it  is  not  the  first  time  a  Hartman-type  sensor  has  been  moved 
over  a  wavefront.  Ghozeil3  used  a  rotating  Hartmann  screen  to  test  large  telescope 
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optics  in  1974.  According  to  his  papa-,  he  rotated  this  screen  to  extract  mirror 
surface  aberrations  from  the  measurement  noise  and  to  increase  the  number  of 
samples  on  the  mirror.  This  paper  presents  a  study  of  the  motion  of  the  wavefront 
sensor  relative  to  the  wavefront  has  been  used  to  extract  features  smaller  than  the 
micro-apertures  used  in  the  Hartmann  test. 

2  Theory  of  Knife-Edge  Wavefront  Sensing 

Each  lens  in  a  Shack-Hartmann  wavefront  sensor  measures  the  tilt  seen  by  that  lens 
by  determining  the  position  of  the  spot  at  the  focus  of  the  lens,  typically  with  a 
centroid  algorithm.  This  procedure  works  especially  well  at  determining  spatially 
large  aberrations  like  the  low-order  Zemike  aberrations.  If  the  wavefront  has 
features  smaller  than  the  lens,  they  are  effectively  averaged  out  when  finding  the 
position  of  the  focal  spot  and  cannot  be  seen  with  the  Hartmann  sensor  in  its 
classical  implementation. 

By  moving  the  sensor  a  small  distance  normal  to  the  optical  axis  (typically  a 
fraction  of  a  lens  diameter),  the  limits  over  which  the  average  tilt  is  performed  are 
changed.  For  the  purposes  of  this  paper,  the  small  section  of  the  wavefront  which 
enters  the  lens  aperture  after  the  small  step  will  be  called  the  new  region  and  the 
section  no  longer  seen  by  a  given  lens  will  be  called  the  old  region.  The  lateral 
motion  of  the  sensor  results  in  a  shift  in  the  centroid  if  there  is  a  difference  in  tilt 
between  the  new  region  and  the  old  region.  This  allows  for  wavefront  features  to  be 
viewed  that  are  on  the  order  of  the  sensor  displacement. 

In  this  section  we  describe  knife-edge  wavefront  sensing  using  ray  optics  and 
Fourier  modeling.  We  use  a  sinusoidal  phase  grating  as  the  test  wavefront  because 
we  know  from  Fourier  theory  that  any  wavefront  can  be  represented  as  a  linear 
superposition  of  sinusoids.  First  we  will  present  a  ray  optics  theory  to  give  the 
reader  an  intuitive  feel  for  the  sensitivity  and  spatial  resolution  of  the  measurement. 
We  then  discuss  a  modification  we  made  to  the  aperture  shape  which  is  shown  to 
smooth  out  the  sensitivity  of  the  measurement  by  breaking  the  resonance  with  the 
spatial  frequency.  Then  the  results  of  computer  modeling  done  using  Fourier 
propagation  will  be  presented. 

2. 1  Ray  Optics  Theory 

A  theory  of  knife-edge  wavefront  sensing  can  be  derived  by  applying  ray  optics. 
Assume  that  the  wavefront  shaped  by  a  perfect  two-order  blazed  grating  and  that 
that  the  lens  aperture  is  designed  perfectly  for  the  wavefront  such  that  the  number  of 
grating  periods  distributed  over  the  lens  aperture  is  exactly  an  integer  plus  one  half. 
The  amount  of  light  in  each  order  can  be  approximated  by  the  amount  of  light 
covering  the  piece  of  the  grating  diffracting  it  in  each  direction.  Using  this 
knowledge  to  weight  the  intensity  in  the  two  diffracted  orders  and  applying  this  to 
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the  centroid  formula,  the  center  of  this  intensity  pattern  can  be  determined.  To  give 
an  intuitive  feel  for  the  sensitivity  of  knife-edge  wavefront  sensing  to  a  phase 
grating,  we  make  a  further  approximations  to  reduce  the  centroid  shift  into  a 
recognized  form.  Using  the  paraxial  ray  approximation  (sin  0  =  tan  0  =  0  )  and 
assuming  that  A  is  much  greater  than  d,  the  formula  for  the  centroid  is  given  by, 


where  f  is  the  focal  length  of  the  micro-lens,  X  is  the  wavelength,  and  d  is  the 
diameter  of  the  micro-lens.  This  formula  is  recognized  as  the  spot  radius  of  a 
square  lens.  The  shift  in  the  centroid  is  actually  double  this  number  because  as  the 
lens  is  scanned,  the  amount  of  light  oscillates  between  the  two  diffracted  orders. 
Therefore,  the  shift  in  the  centroid  is  exactly  the  focal  spot  diameter  of  a  square 
lens. 

The  minimum  grating  period  is  determined  by  crosstalk.  Light  diffracting  into 
the  adjacent  lens  field  of  view  limits  the  grating  period  to  be  approximately  given 
by,  that  the  spot  size  is  small  compared  to  the  lens  diameter  and  using  the  paraxial 
ray  approximation,  the  maximum  grating  period  is  found  to  be  approximately. 


which  is  equal  to  the  square  lens  spot  diameter. 

2.2  Breaking  Spatial  Frequency  Resonance 

There  are  some  wavefronts  that  will  not  produce  a  change  in  the  average  tilt  though. 
Consider  an  integer  number  of  sinusoidal  periods.  The  average  tilt  induced  by  this 
aberration  is  zero  for  an  averaging  window  of  this  size  no  matter  where  the  start  or 
stop  of  the  averaging  is  located.  Because  of  this  case,  a  break  in  the  spatial 
frequency  of  the  lenses  had  to  be  created  to  accommodate  viewing  sinusoidal 
aberrations.  Slanting  two  of  the  edges  of  the  square  aperture  of  typical  Shack- 
Hartmann  lenses  accomplished  this. 

2.3  Fourier  Modeling 

Using  the  approximations  presented  above,  the  centroid  motion  and  the  minimum 
resolvable  grating  period  are  equal  to  the  focal  spot  diameter.  To  verify  this, 
Fourier  transform  modeling  was  performed  on  a  variety  of  lenses  and  a  variety  of 
apertures  with  respect  to  spatial  wavelength.  The  focal  plane  of  a  lens  with  a  known 
hard  aperture  was  modeled  while  moving  the  wavefront  in  the  x  direction  in  steps  of 
one  tenth  of  a  period.  The  centroid  was  performed  after  pixelating  the  intensity  to  a 
30  by  30  pixel  array  and  digitizing  to  8  bits.  Then  the  maximum  centroid  shift  was 
determined  as  the  wavefront  was  moved. 
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KEWFS  Responsivity  (d=150um  f=490um) 


Figure  1  shows  a  result 
of  this  modeling  with 
the  peak-to  valley 
centroid  response 
plotted  against  the 
spatial  frequency  of  the 
sinusoidal  grating.  The 
square  aperture  lens 
shows  the  expected 
spatial  frequency 

resonances,  while  the 
lenses  with  slanted 
edges  break  the  spatial 
frequency  enough  to 
flatten  out  the  peak-to- 
valley  centroid  shift. 

The  focal  spot  diameter 
of  this  square  micro-lens  for  633nm  light  is  4. 1  microns.  This  is  approximately  a 
factor  of  three  higher  than  the  focal  spot  diameter  of  this  micro-lens.  The 
discrepancy  between  the  Fourier  modeling  and  the  ray  optics  theory  can  be 
accounted  for  by  the  numerous  approximations  in  the  theory.  The  behavior  is  well 
predicted  by  the  linear  optics  theory.  Once  the  appropriate  aperture  tilt  was  applied, 
the  response  is  effectively  constant  with  respect  to  the  spatial  wavelength  of  the 
diffraction  grating. 


Figure  1  -  Fourier  modeling  results  for 
sensing  for  a  wavelength  of  633nm. 


knife-edge  wavefront 


3  Fabrication  of  the  Lens  Arrays 

Microlens  arrays  were  fabricated  using  standard  integrated  circuit  techniques. 
Circular  pillars  of  photoresist  were  generated  on  a  glass  substrate  using 
photolithography.  The  photoresist  pillars  were  then  exposed  to  acetone  vapor  for 
five  minutes  in  a  small  crystallizaton  dish.  The  acetone  began  to  dissolve  the  pillars 
and  they  reflowed  into  lenses.  After  10  minutes  in  a  120  C  oven,  the  wafers  were 
placed  for  several  hours  in  a  plasma  etch  flowing  CF4  and  O2.  The  appropriate 
apertures  imposed  on  the  lenses  by  doing  a  lift-off  of  200nm  of  aluminum.  The 
apertures  were  designed  to  be  squares  with  sides  equal  to  the  diameter  times  the 
square  root  of  two  such  that  they  fit  inside  the  circular  lenses.  Apertures  were 
designed  with  no  aperture  slant,  aperture  slant  on  one  side,  and  aperture  slant  on 
both  sides.  The  aperture  slant  for  each  apertures  was  one  eighth  the  circular  lens 
diameter. 

Several  different  lens  arrays  were  fabricated.  The  lens  diameters  were  150 
microns,  200  microns,  250  microns,  and  300  microns.  The  sag  on  all  the  lenses 
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were  approximately  the  same  at  12.5  microns.  The  focal  lengths  were  then 
calculated  to  be  0.49  mm,  0.87  mm,  1.36  mm  and  1.96  mm  respectively. 


Scan  of  Diffraction  Grating 


4  Experimental  Results 

Two  different  test  objects  were 
measured  using  the  knife-edge 
wavefront  sensing  technique:  a 
25mm  focal  length  lens  array  and  a 
28  micron  wavelength  diffraction 
grating.  To  test  the  techniques 
HeNe  laser  expanded  to  a  1cm 
waist  to  illuminate  a  test  object.  A 
50mm  focal  length  1  inch  diameter 
lens  was  then  used  to  re-image  the 
optic  onto  the  array  of  lenses.  The 
focal  plane  of  the  lens  array  was  re- 


Figure  2  -  Scan  of  a  28-micron  period  diffraction  grating. 


imaged  onto  a  CCD  array  using  a  1 

inch  diameter  75mm  focal  length  lens  with  about  3.7  magnification.  An  iris  was 
placed  at  the  focus  of  the  50mm  lens  to  limit  the  spatial  frequency  impinging  on  the 
lens  array  and  to  avoid  stray  scattered  light  causing  crosstalk.  The  test  object  was 
placed  on  a  three  axis  translation  stage  with  motion  parallel  to  the  table  and  normal 
to  the  propagation  controlled  by  a  micrometer  capable  of  one  micron  accuracy. 

The  first  object  scanned  was  a  phase-only  28  micron  period  diffraction  grating. 
Adjusting  an  iris  at  the  focus  of  the  50mm  focal  length  lens  blocked  the  diffraction 
beyond  the  first  order.  The  grating  was  then  measured  with  the  knife-edge 
wavefront  sensing  using  two-micron  step  scan  and  a  two-side  slanted  150-micron 
diameter  lens  array  to  form  the  Shack-Hartmann  wavefront  sensor.  The  change  in 
the  position  of  the  centroid  of  the  focal  spots,  shown  in  Figure  2,  was  measured 
using  the  CLAS-2D4  software  by  Wavefront  Sciences,  Inc.  Fits  to  the  centroid  shift 
extracted  a  spatial  wavelength  of  27  microns,  1  micron  different  from  the 


profilometer  measurement. 
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Scan  of  25mm  Focal  Length 
Lens  Array 


Figure  3  -  Scan  of  a  25mm  focal  length  lens  array  with  a  100  micron 
diameter  870micron  focal  length  knife-edge  wavefront  sensor  lens  array. 


The  next  phase-only  element  measured  with  the  knife-edge  wavefront  sensing 
technique  was  a  lens  array  provided  by  Wavefront  Sciences.  The  array  was 
composed  of  252micron  diameter  lenses  with  a  focal  length  of  25mm.  Figure  3 
shows  the  results  of  knife-edge  scanning  it  across  a  wavefront  sensor  comprised  of 
lOOmicron  diameter  870  micron  focal  length  lenses.  The  portion  of  the  centroid 
motion  corresponding  to  the  scan  over  the  center  of  the  lens  was  linear.  Assuming 
the  lens  is  exactly  parabolic,  the  slope  of  the  derivative  is  the  reciprical  of  the 
wavefront  radius  of  curvature.  Fitting  this  data  to  a  line,  the  measured  lens  array 
focal  length  was  determined  to  be  23.2  mm.  The  7%  error  is  probably  due  to  errors 
in  measuring  the  distance  between  the  knife-edge  lens  array  and  the  CCD. 


5  Conclusions 

We  have  described  and  demonstrated  a  technique  called  knife-edge  wavefront 
sensing  which  allows  Shack-Hartmann  wavefront  sensors  to  resolve  features 
smaller  than  the  size  of  an  individual  lens  by  moving  the  sensor  in  small  steps 
across  the  wavefront.  This  technique,  while  impractical  for  astronomical  adaptive 
optics  applications,  allows  for  more  spatial  resolution  for  applications  like  optical 
metrology  and  laser  beam  characterization.  The  technique,  while  only  demonstrated 
here  in  one  dimension,  is  applicable  to  a  two-dimensional  scan  as  well. 
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Optical  systems  are  normally  aligned  by  centering  the  energy  distribution  in  various  apertures. 
However,  the  use  of  both  irradiance  and  phase  information  can  in  many  cases  greatly  simplify 
this  process,  and  can  provide  information  for  closed-loop  alignment  and  control  of  an  optical 
system.  This  can  be  accomplished  by  using  a  Shack -Hartmann  wavefront  sensor  for 
alignment  and  performance  testing. 

While  Shack-Hartmann  wavefront  sensors  are  commonly  used  for  adaptive  optics,  they  have 
many  other  applications.  The  modem  Shack-Hartmann  wavefront  sensor  is  compact,  nigged, 
and  insensitive  to  vibration,  and  has  fully  integrated  data  acquisition  and  analysis. 
Furthermore,  even  wavefronts  of  broad  band  sources  that  cannot  normally  be  tested  with 
interferometers  can  be  measured  with  Shack-Hartmann  wavefront  sensors.  The  instrument 
also  provides  information  about  the  optical  system  performance,  including  peak-to-valley  (P- 
V)  wavefront  deviation,  RMS  wavefront  error,  the  modulation  transfer  function  (MTF),  and 
the  point  spread  function  (PSF).  Since  the  difference  of  two  wavefronts  is  easily  computed, 
the  effect  of  individual  optical  elements  on  a  complex  optical  system  can  be  examined. 

In  this  paper  we  will  present  an  alignment  methodology  using  the  Shack-Hartmann  wavefront 
sensor  to  setup  even  complex  optical  systems.  An  example  of  using  the  methodology  to  align 
a  lens  is  presented.  Alignment  of  the  Shack-Hartmann  wavefront  sensor  to  a  24-inch 
telescope  at  Stanford  University  is  presented.  The  higher-order  static  aberrations  in  the 
telescope  are  then  measured  with  the  Shack-Hartmann  wavefront  sensor. 

1  Introduction 

Alignment  of  optical  systems  comprised  of  even  the  simplest  components  can  often 
be  a  tedious  difficult  task.  It  is  often  difficult  to  assess  the  final  accuracy  of  the 
alignment  task,  other  than  overall  performance  measures  of  the  total  system.  In 
many  cases  it  is  difficult  to  tell  which  element  is  misaligned,  and  how  to  fix  it.  The 
application  of  interferometry  to  this  task  is  often  difficult  since  this  usually  requires 
double-pass  testing  of  the  optical  system  and  alignment  to  the  interferometer  beam. 
The  use  of  an  interferometer  can  be  especially  difficult  if  the  total  optical  path  is 
long.  A  shearing  interferometer  can  sometimes  be  used  for  optical  element 
positioning;  however,  complex  analysis  is  required  to  provide  a  quantitative 
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interpretation  of  the  aberrations  and  it  requires  the  use  of  fairly  narrow  bandwidth 
sources.  An  autocollimating  telescope  provides  a  simple  method  for  aligning  an 
optical  system,  but,  like  the  shearing  interferometer,  offers  no  easy  way  of 
extracting  performance  information.  Clearly  a  means  is  needed  for  aligning  and 
calibrating  optical  systems,  especially  with  broadband  sources. 

The  Shack-Hartmann 

wavefront  sensor  was  y—  Lenslet  array 

invented  in  1971  when 
Roland  Shack  modified 
the  Hartmann  optical  test 
by  substituting  an  array  of 
lenses  for  the  array  of 
apertures  generally  used 
for  the  test.1  It  was 
primarily  developed  in  the 
successive  two  decades 
for  use  in  adaptive  optics 
systems,  but  recently  has 
been  commercialized  for 
optical  metrology.2  The 
commercially  available 
Shack-Hartmann  sensor 

can  be  built  in  a  compact  rigid  assembly,  which  makes  it  ideal  for  aligning  and 
testing  optical  systems.  The  Shack-Hartmann  wavefront  sensor  (SHWFS),  shown 
in  Figure  1,  relies  on  an  array  of  small  lenses  to  create  focal  spots  on  a  CCD.  The 
motion  of  the  focal  spots  is  dictated  by  the  average  gradient  of  the  wavefront  over 
each  lens.  Thus  the  grid  of  focal  spots  can  be  used  to  provide  a  measure  of  the 
wavefront  gradients  across  the  entire  aperture.  These  gradients  can  then  be 
integrated  to  provide  the  wavefront  of  the  incident  radiation.  More  detailed 
documentation  is  available  on  the  operation  of  the  sensor  in  various  sources3 
will  not  be  discussed  here,  but  for  later  discussion  of  the  sensor,  we  will  introduce 
some  terms  associated  with  the  sensor.  The  lens  array  creates  a  pattern  of  focal 
spots  on  the  CCD.  The  CCD  image  is  broken  into  subapertures  (called  Areas  Of 
Interest  or  AOIs)  of  N  x  N  pixels  (corresponding  to  the  region  behind  each  lens)  in 
which  the  spot  position  is  determined:  The  algorithm  usually  used  to  determine  the 
position  of  the  focal  spots  on  the  CCD  is  called  the  first  moment  or  centroiding. 

The  size  of  the  irradiance  distribution  on  the  CCD  can  be  characterized  by  the 


Figure  1  -  Basic  components  of  a  Shack-Hartmann  wavefront 
sensor. 


"3’4  and 


second  moment  of  the  distribution. 

There  are  several  important  advantages  to  using  the  Shack-Hartmann  wavefront 
sensor  for  measuring  the  wavefront.  Unlike  many  beam  diagnostic  systems,  the 
instrument  requires  no  moving  parts.  The  incident  radiation  does  not  have  to  be 
coherent.  The  instrument  provides  a  measure  of  both  the  irradiance  and  phase 
distributions  of  the  incident  light.  The  SHWFS  acquires  all  of  the  information  from 
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a  single  CCD  image,  so  short  exposure  times  can  be  used  to  reduce  sensitivity  to 
vibration  and  pulsed  sources  may  be  analyzed  and  aligned.  The  processing  of  the 
CCD  image  is  straightforward,  simple,  and  may  readily  be  performed  on  PC 
computers  at  high  speed.  Furthermore,  the  point-spread-function  (PSF)5, 
modulation  transfer  function(MTF),  Zemike  wavefront  decomposition6,  beam 
quality  parameter7  and  other  analysis  parameters  can  also  be  performed.  The 
SHWFS  can  be  configured  for  a  variety  of  aperture  sizes,  wavelengths,  sensitivities 
and  dynamic  ranges.  At  WaveFront  Sciences,  Inc.,  we  have  integrated  the  SHWFS 
with  the  lenslet  array,  detector,  electronics,  data  acquisition,  control  and  analysis 
software  into  a  single  package  which  we  call  the  Complete  Light  Analysis  System 
(CLAS-2D)8. 

The  key  advantage  of  a  SHWFS  for  optical  alignment  is  that  it  provides  a 
measurement  of  both  irradiance  and  phase  distributions.  This  information  can  be 
displayed  in  such  a  way  as  to  make  the  alignment  of  optical  systems  quite  easy. 
The  body  of  this  paper  will  describe  the  methodology  of  this  process  and  will 
present  some  examples  of  the  application  of  these  methods  to  various  optical 
systems. 

2  Alignment  of  optical  systems 

For  any  optic  in  a  system,  there  are  various  degrees  of  freedom  commonly  used  to 
align  an  optical  system.  These  include  centering,  tilt  angle,  and  optical  element 
rotation.  Misalignments  in  any  of  these  degrees  of  freedom  will  result  in  optical 
aberrations.  Unfortunately,  many  of  these  aberrations  are  highly  coupled,  so  it  is 
difficult  to  adjust  any  one  degree  of  freedom  without  adversely  affecting  other 
parameters. 

As  an  example  of  this,  consider  the  alignment  of  a  simple  lens  used  to 
collimated  a  point  source.  In  this  case  there  are  five  degrees  of  freedom:  x-y 
centering  of  the  intensity  distribution,  tip/tilt  (or  angle  of  arrival)  of  the  distribution, 
and  focus.  However,  errors  in  any  of  these  parameters  will  result  in  aberrations  that 
may  be  highly  coupled.  For  example,  de-centering  of  the  lens  results  in  both  a 
translation  of  the  intensity  distribution  and  a  tilt  of  the  resulting  wavefront.  It  also 
introduces  an  apparent  rotation  of  the  lens  that  can  affect  the  collimation  and 
astigmatism  of  the  wavefront. 

One  of  the  convenient  features  of  the  CLAS-2D  Shack-Hartmann  wavefront 
sensor  system  is  that  important  parameters  for  optical  alignment  are  presented  in  a 
simple  graphical  form.  A  simplified  example  the  graphic  interface  is  shown  in 
Figure  2.  In  this  case,  an  ellipse  represents  the  irradiance  profile.  The  position  of 
the  ellipse  represents  the  position  of  the  centroid  of  the  beam.  The  size  of  the 
ellipse  represents  the  size  of  the  beam  on  the  sensor.  The  major  and  minor  axes  of 
the  ellipse  can  also  easily  be  calculated  by  computing  the  cross  moment.  The 
average  tilt  is  shown  as  a  vector  whose  center  is  die  center  of  the  ellipse,  its  end¬ 
point  represented  by  the  average  tilt.  An  arbitrary  scale  factor  is  applied  to  the 
average  tilt  since  it  has  different  units  in  general  from  the  position  information. 
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These  few  parameters  can 
be  acquired,  computed 
and  displayed  extremely 
fast.  5-10  Hz  is  routinely 
achievable,  even  for  high- 
resolution  sensors  and 
slow  computers.  This 
allows  adjustment  of 
optical  components  in  the 
optical  train  with  near 
real-time  feedback.  This 
greatly  speeds  up  the 
alignment  process  and 
makes  possible  an 
automatic  alignment.  Figure  2  -  Simple  graphical  representation  of  average  tilt,  beam 

position,  and  beam  size,  and  beam  ellipticity. 

There  is  one  drawback  to 

the  above  representation.  It  is  difficult  for  the  user  to  tell  from  this  display  when  the 
wavefront  aberration  has  exceeded  the  dynamic  range  of  the  instrument.  Usually 
the  dynamic  range  is  defined  as  the  range  of  input  angles  for  each  AOI  where  the 
focal  spot  remains  completely  behind  one  lens.  There  are  AOI  tracking  methods 
that  may  be  applied  to  improve  the  dynamic  range,  but  these  are  not  usually  applied 
to  the  initial  alignment  step.  While  this  drawback  may  seem  limiting,  in  practice  it 
is  fairly  easy  to  identify  and  overcome.  Adding  sufficient  tilt  to  exceed  the  dynamic 
range  causes  rapid,  wild  swings  of  the  tilt  vector. 

We  have  found  that  the  following  sequence  of  steps  is  useful  for  achieving  optical 
alignment  with  the  SHWFS: 

1.  Position  apertures  or  otherwise  define  the  optical  axis. 

2.  Position  the  SHWFS  as  the  last  element  in  the  optical  train.  Align  the  sensor  to 
be  accurately  centered  (minimize  (x,y)),  and  oriented  orthogonal  to  the  optical 
axis  (minimize  0x,0y). 

3.  Insert  optical  elements  one  at  a  time.  Align  each  element  to  re-center  the 
irradiance  distribution  and  minimize  the  average  tip/tilt. 

4.  Collimate  the  system  as  required  by  minimizing  the  RMS  or  P-V  wavefront 
error.  This  requires  the  use  of  the  full  wavefront  produced  by  the  SHWFS. 

5.  Optimal  element  rotation  can  be  achieved  by  adjusting  the  rotation  iteratively, 
while  assuring  that  the  centering  and  tilt  are  maintained. 

Note  that  this  sequence  has  been  described  for  multi-lens  telescopes,  where  the  final 
leg  is  designed  for  a  collimated  space.  Where  this  assumption  is  invalid,  it  may  be 
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necessary  to  use  a  recollimating  lens.  By  pre-recording  the  appropriate  reference, 
aberrations  in  this  lens  may  be  subtracted. 


Step  5  in  the  above  list  relies  on  an  additional  property  of  real  optics.  Consider  the 
case  of  a  doublet  that  is  significantly  rotated,  as  shown  in  Figure  3.  In  this  case, 
numerous  aberrations  are  introduced.  The  chief  aberrations  are  astigmatism  and 
defocus,  although  tilt,  coma,  spherical  aberration  and  other  terms  may  be  present. 
However,  if  the  initial  irradiance  distribution  was  centered  on  the  SHWFS  before 
inserting  the  lens,  this  position  records  accurately  the  average  values.  All  of  the 


Figure  3  -  Aberrations  for  an  F/5  lens  rotated  15°.  Note  that  the  odd  terms  will  results  in  a  net 
average  tilt. 


even  terms  will  be  exactly  symmetric  (by  definition)  about  this  location.  Hence 
they  will  have  an  average  net  tip/tilt  contribution  of  zero.  Only  the  odd  terms  will 
have  a  value.  The  presence  the  coma  term,  however,  is  small  for  simply  decentered 
lenses,  and  is  only  significant  when  the  lens  has  rotation.  Thus  it  is  possible  to 
identify  the  condition  (i.e.  decouple  the  degrees  of  freedom)  where  the  lens  has 
minimum  rotation  and  is  accurately  centered.  This  will  result  in  a  well-centered 
intensity  distribution  and  minimum  tip/tilt.  Any  other  condition  (decentered  plus 
compensating  rotation)  will  not  allow  both  conditions  to  be  simultaneously  met.  The 
experimenter  may  align  the  lens  by  adjusting  the  rotation  in  small  steps,  recentering 
the  irradiance  distribution  between  each  one.  When  both  the  minimum  tip/tilt  and 
centration  have  been  achieved,  the  optic  is  correctly  aligned. 


Once  the  optical  system  has  been  aligned,  the  SHWFS  can  also  be  used  to  measure 
the  residual  higher-order  aberrations.  Many  different  analysis  functions  can  be 
performed,  including  Zemike  decomposition,  fringe  display,  point  spread  function 
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and  modulation  transfer  function.  An  example  of  using  the  wavefront  sensor  to 
characterize  an  existing  optical  system  is  presented  in  the  following  section. 

3  Alignment  and  measurement  of  a  24”  telescope 

As  an  example  of  this  process,  this  section  presents  the  results  of  aligning  and 
measuring  the  performance  of  a  24  inch  diameter  Cassegrain  telescope  at  Stanford 
University.  In  this  case,  the  SHWFS  was  mounted  directly  on  the  telescope  with  the 
addition  of  a  single  50mm  collimating  lens.  The  SHWFS  used  was  comparable  in 
weight  to  the  eyepieces  used  by  the  telescope,  so  did  not  appreciably  affect  the 
balance  or  weight  load  on  the  telescope.  The  process  described  above  was  used  to 
align  the  system  with  a  bright  star  (Arcturus)  as  a  reference.  Since  this  telescope 
operates  almost  at  sea  level,  there  was  a  significant  amount  of  turbulence  present 
during  this  process.  Nevertheless,  it  was  a  straightforward  matter  to  install,  align 
and  collimate  the  collimating  lens  and  the  wavefront  sensor.  Once  installed,  the 
sensor  was  used  to  record  many  images  of  different  stars.  Since  the  version  of  this 
sensor  was  not  designed  especially  for  low-light  conditions,  only  a  few  bright  stars 
were  examined. 

After  the  basic  alignment  was 
achieved,  the  telescope  was 
characterized  using  the  SHWFS.  A 
plane-wave  reference  was  pre-recorded 
in  the  laboratory  using  a  well- 
collimated  HeNe  laser  beam.  Since  we 
were  interested  in  evaluating  the 
telescope  and  not  the  atmospheric 
turbulence,  30  frames  were  taken  at  1- 
second  intervals  and  the  images  were 
averaged  together.  By  comparing  the 
plane-wave  reference  and  the  averaged 
image  data,  a  measure  of  the  telescope 
optics  were  made.  Figure  4  shows  one 
such  measurement.  Another 

measurement  was  preformed  after  rotating  the  SHWFS  and  the  lens  by  90  degrees 
to  make  sure  that  the  aberrations  measured  were  indeed  in  the  telescope  and  not  in 
the  wavefront  sensor  or  the  collimating  lens.  The  two  measurements  were  almost 
identical. 

4  Conclusions 

In  this  paper  we  have  argued  that  the  Shack-Hartmann  wavefront  sensor  is  a  good 
choice  for  measuring  the  alignment  of  optics  because  of  its  vibration  insensitivity, 
broadband  light  performance,  and  ease  of  use.  We  introduced  an  iterative  method 
for  using  the  sensor  to  quickly  achieve  good  alignment  of  an  optic.  We  used  this 
method  to  test  a  doublet  in  the  laboratory  and  to  align  the  Shack-Hartmann 


Figure  4  -  Average  aberrations  of  the  24-inch 
telescope.  The  P-V  wavefront  error  is  3.6X.  The 
wavefront  was  computed  using  a  plane  wave 
reference. 
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wavefront  sensor  to  a  24”  telescope  at  Stanford  Univeristy.  Once  properly  aligned, 
we  used  the  Shack-Hartmann  wavefront  sensor  to  determine  the  higher-order 
aberrations  in  the  telescope.  The  Shack-Hartmann  wavefront  sensor  determined  to 
be  a  valuable  tool  for  characterizing  the  alignment  of  optical  elements  and  the 
performance  of  even  a  complex  optical  system. 
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A  common  path  interferometer  (CPI)  provides  an  attractive  wavefront  sensing  scheme  due  to  its 
inherent  simplicity  and  robustness.  The  working  principle  is,  that  a  part  of  the  incoming 
wavefront  is  extracted  and  perturbed  to  generate  a  so-called  synthetic  reference  beam  for 
interference  with  the  remainder  of  the  wavefront.  Many  different  CPI  schemes  have  been 
proposed  and  independently  analysed.  We  have  developed  a  new  general  approach  that  can  be 
applied  to  CPI  analysis,  which  simplifies  the  treatment  and  understanding  of  the  operation  of  the 
majority  of  CPIs  that  utilise  spatial  frequency  filtering. 

1  Introduction 

Imaging  and  visualising  phase  objects,  wavefront  disturbances  or  aberrations  has 
always  been  a  subject  of  considerable  interest  in  optics.  One  of  the  best  known 
techniques  is  Zemike’s  phase  contrast  method  [1]  for  which  he  received  the  1953 
Nobel  Prize.  The  Zcmikc  method  assumes  that  the  phase  object  or  phase  disturbance 
is  limited  to  the  so-called  small  scale  phase  approximation  where  a  Taylor  expansion 
to  first  order  is  sufficient  for  a  mathematical  description: 

exp(i^{x,y))a!l-(-/^(x,>’)  (!) 


The  light  corresponding  to  the  two  terms  in  this  Zemike  small  scale  phase 
approximation  can  be  separated  spatially  by  use  of  a  Fourier  transforming  lens  with 
the  phase  distribution  located  in  the  front  focal  plane  of  the  lens  and  the  spatial 
Fourier  transformation  generated  in  the  back  focal  plane.  In  this  first  order 
approximation  the  constant  term  represents  the  amplitude  of  on-axis  focused  light  and 
the  second  spatially  varying  term  represents  off-axis  or  scattered  light  in  the  back 
focal  plane.  Zemike  realised  that  by  using  a  small  quarter  wave  phase  shifting  plate 
acting  on  the  focused  light  it  becomes  possible  to  obtain  a  linear  visualization  of  small 
phase  structures  by  generating  interference  between  the  two  phase  quadrature  terms  in 


Eq.  (1).: 


/(x',y)«l+2^x’,y) 


(2) 


In  general  we  cannot  assume  that  a  series  expansion  to  first  order  as  in  the  Zemike 
approximation  is  a  sufficient  representation  of  a  given  phase  perturbation.  Higher 
order  terms  in  the  expansion: 


exp{/^x,y))  =  l+i^(x,y)-02(x,y)-/y(x,>')  +  04(x,y)+...  (3) 
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need  to  be  taken  into  account  for  phase  perturbations  breaking  the  small  phase 
approximation.  At  first  glance  it  may  be  surprising  that  spatially  varying  terms  in  Eq. 
(3)  also  can  contribute  (sometimes  even  significantly)  to  the  strength  of  the  on-axis 
focused  light.  There  are  however  many  examples  in  the  literature  where  it  is 
inherently  and  incorrectly  assumed  that  only  the  first  term  in  the  Taylor  series 
expansion  contributes  to  the  strength  of  the  focused  light  [2-8],  The  Fourier  analysis 
approach  taken  in  this  paper  includes  the  effect  of  all  the  terms  in  Eq.  (3). 

An  equally  important  issue  to  consider  when  analysing  the  effect  of  spatial  filtering 
on  the  light  diffracted  by  phase  perturbations  is  to  define  spatially  what  is  meant 
respectively  by  the  focused  and  the  scattered  light.  In  the  previous  description  of 
Zemike  phase  contrast  it  was  inherently  assumed  that  the  focused  light  is  spatially 
confined  to  an  unphysical  delta  function.  As  we  know,  any  aperture  truncation  will 
inevitably  lead  to  a  corresponding  spatial  broadening  of  the  focused  light.  Therefore  it 
is  very  important  that  we  explicitly  define  what  is  meant  by  “focused  light”  and 
“scattered  light”  before  a  precise  spatial  filtering  operation  can  be  applied.  In  this 
context  it  is  necessary  to  look  more  carefully  at  the  sequence  of  apertures  confining 
the  light  wave  propagation  through  the  optical  setup. 


2  Generic  model 

A  commonly  applied  architecture  that  provides  an  efficient  platform  for  spatial 
filtering  is  illustrated  in  Fig.  1  and  is  based  on  the  so-called  4-f  lens  filtering 
configuration. 

Phase  object  Fourier  filter  Observ.  plane 


I . 

II  k  (  |  <H\y) 

! 

""-4 

M 

: 

A 

(h  fj\ 

f 

Kx’.y) 

»  § . 

. 

\y>  v) . 

i 

ft 

i 

‘ 

A 

Ij 

& 

X 

V- 

w 

Fig.  1:  Phase  disturbance  modeled  as  an  aperture  truncated  phase  object.  Filter  parameters  are  given  by  (A, 
B,  0)  and  17  indicates  the  traction  of  filter  radius  measured  to  the  radius  of  the  diffracted  airy  disk  from  a 
circular  input  object  aperture. 


An  output  interferogram  of  an  unknown  phase  object  or  phase  disturbance  is  obtained 
by  applying  a  spatially  circular  truncated  on-axis  centered  filtering  operation  in  the 
spatial  frequency  domain  between  two  Fourier  transforming  lenses.  The  first  lens 
performs  a  spatial  Fourier  transform  so  that  direct  propagated  light  is  focused  onto 
this  on-axis  centered  filtering  region  whereas  spatially  varying  object  information 
generates  light  scattered  to  locations  outside  this  central  region.  Applying  different 
phase  and  amplitude  parameters,  (A,  B,  0),  for  the  two  filtering  regions  we  can  obtain 
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an  interference  pattern  at  the  detector  plane  by  use  of  the  second  Fourier  lens. 
Effectively,  the  focused  and  filtered  on-axis  light  acts  as  a  synthetic  reference  beam 
for  the  scattered  light  thereby  implementing  a  mechanically  robust  common  path  like 
interferometer.  We  will  show  later  that  depending  on  the  choice  of  filtering 
parameters  and  radius  of  the  on-axis  centered  filtering  region,  several  interferometer 
schemes  can  be  implemented  by  this  4-f  lens  filtering  configuration,  i.e.  phase 
contrast,  dark  central  ground,  point  diffraction  and  field-absorption  filtering. 

3  Mathematics 

Assuming  a  circular  input  aperture  with  radius,  A r  ,  truncating  the  phase  disturbance 
modulated  onto  a  collimated,  unit  amplitude,  monochromatic  field  of  wavelength,  X , 
we  can  write  for  the  incoming  fight  amplitude: 

a(x,y)  =  circ(r  /  A r)  exp (4) 

at  the  entrance  plane  of  the  setup  shown  in  Fig.  1. 

Similarly,  we  assume  a  circular  on-axis  centered  spatial  filter  of  the  form: 

H(fx,fy)  =  i4(l+(&4_1  exp(/6>)-  l)circ(/.  /  A/r))  (5) 

where  B  e[0;l]  is  the  chosen  filter  absorption  of  the  focused  light,  o  e[0;2^]  is  the 
applied  phase  shift  to  the  focused  fight  and  A  e[0,l]  is  a  filter  parameter  describing 

field  absorption  for  off-axis  scattered  fight  as  indicated  in  Fig.  1.  The  spatial 
frequency  coordinates  are  related  to  spatial  coordinates  in  the  filter  plane  as: 

(fx’fy)  =  WT{x,>y,)  3,1(1  fr  =  #  +fy  ' 

Performing  an  optical  Fourier  transform  of  the  input  field  from  Eq.  (4)  followed  by  a 
multiplication  with  the  filter  parameters  in  Eq.  (5)  and  performing  a  second  optical 
Fourier  transform  (corresponding  to  an  inverse  Fourier  transform  with  inverted 
coordinates)  we  can  obtain  an  expression  for  the  intensity  describing  the 
interferogram  at  the  image  plane  of  the  4-f  setup: 

/(*',/)  =  >l2|exp(/^(x',y))circ(rVAr) +|o|(A4_1  exp(/<?)~  l)g(r')  (6) 

where 

a  =  (?r(A>-)2)  j J  exp(/  ^x,  y))dxdy  =  [a|  exp(;  <j>-  ) 

*(Ar)z 

${x',y')  =  <t{x\y’)-<t>- 


(7) 
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The  generally  complex  and  object  dependent  term,  a ,  corresponding  to  the  amplitude 
of  the  focused  light  clearly  plays  a  significant  role  in  the  expression  for  the 
interference  pattern  described  by  Eq.  (6).  Referring  to  the  discussion  in  the 
introduction  we  are  now  able  to  confirm  that  the  frequently  applied  assumption  that 
the  amplitude  of  the  focused  light  is  approximately  equal  to  the  first  term  of  the 
Taylor  expansion  in  Eq.  (1)  generally  results  in  misleading  interpretations  of  the 
generated  interferograms. 

Of  similar  importance  in  the  analysis  of  Eq.  (6)  is  the  term  g(r')  describing  the  spatial 

profile  of  a  so-called  "synthetic  reference  wave"  diffracted  from  the  aperture  of  the 
on-axis  centered  filtering  region  It  is  essentially  the  interference  between  this  term, 
carrying  all  the  information  about  the  filtering  parameters,  and  the  imaged  phase 
object  that  eventually  generates  an  interferogram.  To  obtain  an  accurate  description 
for  the  synthetic  reference  wave  and  thereby  an  accurate  derivation  for  Eq.  (6)  the 
zero-order  Hankel  Transform  followed  by  a  series  expansion  in  the  spatial  dimension, 
r\  greatly  simplifies  the  analysis.  Despite  the  relative  simplicity  of  this  approach  it 
has  not  previously  been  reported  in  the  literature  to  the  knowledge  of  the  authors  [9], 

Having  a  circular  input  aperture  with  radius,  A r ,  and  a  filter-dot  radius  measured  in 
the  spatial  frequency  component,  Afr ,  we  can  obtain  the  following  expression  for  the 
"synthetic  reference  wave"  g(r')  by  use  of  the  zero-order  Hankel  Transform: 


g(r’)  =  2zArj*'  Jx(2nt*fr)J0{2nrfr)dfr  (8) 

Using  the  substitution: 

77  =  (0.6l)'1ArA/r  (9) 

where  77  is  a  factor  describing  the  fraction  of  filter  radius  measured  to  the  radius  of 
the  mainlobe  of  the  Airy  function  shaped  diffracted  light  from  the  circular  input 
aperture  (see  Fig.  1)  we  finally  obtain  the  following  series  expansion  of  Eq.  (8): 

£(>•’)  =  1  -  ■  tj)  -  [(0.6  1*  ■  tj)2  J2  (1.22*  •  Tj)\r'l  hr)2  + 

[(0.6 1*  -  rjf  /  4(2  J3(1.22*  tj)  -  0.61*  •  77  ■  J4  (1.22*  ■  ^)}](r'/Ar)4 .... 

expressed  in  radial  coordinates  normalized  to  the  radius  of  the  imaged  input  aperture 
(with  scaling  factor  included  in  case  of  magnification  different  from  unity). 

For  the  curvature  of  g(r')  to  be  kept  small  over  a  sufficiently  large  spatial  region 
centered  around  r'=0,  tj  should  be  chosen  so  that  g(r')  <  1 ,  corresponding  to  the 
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first  zero-crossing  of  the  Bessel  function,  J0(yi2K-rj)  where  77  =  0.62 .  Moreover,  it  is 
very  important  to  keep  77  to  the  smallest  possible  value  in  order  to  make  sure  that  the 
scattered  object  light  is  not  propagated  through  the  zero-order  filtering  region. 
Finding  a  minimum  applicable  77  -value  is  less  apparent,  but  obviously  choosing  a 
very  small  value  will  reduce  the  strength  of  the  synthetic  reference  wave  to  an 
unacceptable  low  level  compromising  the  fringe  visibility  in  the  interference  with  the 
diffracted  fight.  In  short,  we  have  demonstrated  the  importance  of  including  the 
influence  of  tj  and  being  aware  that  the  choice  of  77  can  have  a  significant  impact  on 
the  resulting  interferometric  performance  (of  equal  importance  to  the  choice  of  the 
filtering  parameters  A,B  and  0).  Depending  on  the  accuracy  needed  for  the 
description  of  the  generated  interferograms  one  can  choose  to  include  a  number  of 
spatial  higher  order  terms  from  the  expansion  in  Eq.  (10).  Clearly,  the  influence  of  the 
higher  order  terms  has  the  largest  impact  along  the  boundaries  of  the  imaged  input 
aperture.  For  77  -values  smaller  than  0.62  and  operating  within  the  central  region  of 
the  image  plane,  spatial  higher  order  terms  are  insignificant  and  we  can  approximate 
the  synthetic  reference  wave  with  the  first  and  space  invariant  term  in  Eq.  (10): 

g(r'  e central  region )  *  1  -  J0{\227t  rj)  (11) 

so  that  we  can  simplify  Eq.  (6)  as: 

7(x\y)  2  ^2|exp(7>(x',y))  +  ^|aj(a4^  exp(/0)-l)|  (12) 

where  K  =  \-  J0(  I22n •  77)  •  The  influence  of  the  finite  on-axis  filtering  radius  on  the 
focused  light  is  hereby  effectively  reduced  to  act  as  an  extra  filtering  parameter  so 
that  the  four-parameter  filter  set  ( A,B,0,K(tj ))  together  with  the  complex  object 

dependent  term,  a ,  effectively  defines  the  type  of  filtering  scheme  we  are  applying. 
Some  examples  are  given  below: 

•  Zemike  phase  contrast  filtering:  {a  =  \,B  =  0.1, 0  =  ±x/2,K  =  \,a  =  l)-  Ref  [  1] • 

•  Generalised  phase  contrast:  (,4  =  5  =  1,0  =  2 sin_1(|aj  / 2),  AT  =  1)  ?  Refs.  [10,11], 

•  Dark  central  ground  filtering:  (A  =  l,B  =  0  =  O,K  =  l,a  *0},  Ref.  [4] . 

•  Field-absorption  filtering:  (A<l,B  =  l,0  =  O,K  =  l,a±O),  Ref-  [  12] . 

•  Point  diffraction  interferometry:  i^A  *  B.8  =  0,K<  l.a  *  0) ,  Ref-  [13]. 

•  Phase-shifting  point  diffraction:  (A  =  B  =  l,0*O,K<l,a*o),Ref-  [14]. 
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The  visibility  and  iiradiance  of  the  interferograms  described  by  Eq.  (12)  can  be 
optimized  in  many  ways.  Using  a  pure  phase  filtering  approach,  a  greater  than  90% 
energy  efficient  phase-intensity  conversion  can  be  achieved  as  was  experimentally 
demonstrated  in  Refs.  [10,11],  To  have  complete  control  over  the  visibility  and  the 
irradiance  it  is  generally  advantageous  to  apply  amplitude  filtering  parameters  other 
than  unity.  This  optimisation  process  can  be  facilitated  by  the  use  of  a  recently 
demonstrated  graphical  method  originally  proposed  in  Ref.  [15], 
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Wavefront  sensing  for  adaptive  optics  applications  is  nowadays  a  routine  technique  based 
primarily  on  two  schemes:  the  Shack-Hartmann  (SH)  and  the  Curvature  Sensing/Phase  Diversity 
(PD) .  While  both  these  schemes  are  well  suited  for  applications  of  ground-based  observations  of 
exo-atmospheric  objects,  this  is  not  necessarily  true  for  other  type  of  applications.  For  laser  with 
very  short  pulse  duration  the  bandwidth  problem  associated  with  conventional  wavefront  sensing 
is  a  serious  short  coming.  In  this  framework  our  group  started  the  a  program  of  investigation  for 
an  all  optical  wavefront  sensor  based  on  moird  techniques. 


1  Introduction 

Several  applications  of  UV  high  power  lasers  need  a  better  wavefront  that 
avoids  problems  of  self-focusing,  or  where  the  focal  spot  is  too  poor  to  concentrate 
a  meaningful  amount  of  energy  for  optimal  industrial  and  military  applications. 
We  have  considered  applications  of  both  a  modified  SH  and  PD  techniques.  In  both 
cases  serious  problem  arose  before  laboratory  tests  could  be  started.  In  both  cases 
the  main  drawback  was  the  temporal  bandwidth  of  the  sensor.  Other  considerations 
were  the  availability  of  good,  inexpensive  optics  at  the  operating  wavelength.  Next 
we  looked  at  a  modified  version  of  the  basic  moire  deflectometry  (MD)  with  the 
intent  of  making  this  technique  an  all  optical  sensor.  Moire  deflectometry  is  a  well 
known  and  established  technique  to  measure  the  contours  of  three-dimensional 
objects  and  a  variety  of  other  characteristics.  The  basic  optical  component  is  a 
Ronchi  grating.  Such  gratings  are  inexpensive  and  readily  available  in  fused  silica 
as  off-the-shelf  items. 

In  the  second  section  of  this  paper  we  will  give  a  brief  description  of  moire 
deflectometry.  The  intuitive  description  of  the  sensor  is  given  in  the  third  section. 
In  the  fourth  section  we  present  some  basic  analysis.  Finally  some  experimental 
results  will  be  presented  in  the  last  section. 
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2  Moir6  deflectometry 

Moire’  interferometry  can  be  regarded  as  a  form  of  holographic  interferometry. 
Although  moire’  techniques  have  been  used  for  many  years,  only  in  the  past  couple 
of  decades  has  the  full  potential  of  moire’  interferometry  been  realized,  see  for 


Figure  1 :  Set-up  for  MD 

In  all  that  follows  we  assume  one-dimensional  Ronchi  grating  generating  one¬ 
dimensional  fringe  patterns.  The  analysis  of  the  one-dimensional  case  will  not  lose 
generality  and  the  extension  to  the  two  dimensional  case  is  straightforward  The 
two  gratings,  G!  and  G2,  are  at  a  distance  A  from  each  other  and  rotate  of  an  angle 
0  as  shown  in  Fig.  2.  With  this  arrangement  on  the  observation  plane  one  will 
obtain  a  series  of  fringes. 


Figure  2:  Geometry  of  the  moird’  interferometry 


With  this  type  of  set-up,  and  assuming  that  the  wave-field  with  aberrations  is 
described  by 
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u(x,  y)  =  exp 


.2  n 

i— y) 


Where  <p(x,y)  is  the  aberration  function.  If  we  assume  that  the  grating  G!  lays 
perpendicularly  to  the  x  axis,  then  we  can  write  the  transmission  coefficient  of  Gj, 
expressed  as  a  Fourier  series,  as 

t>(x,y)  =  ^Cn  exp (i2n$nx) 


Where  ^n=n/d  and  C„  are  the  Fourier  coefficients.  For  a  Ronchi  grating  only  the 
first  three  coefficients  of  the  expansion  are  significant.  Furthermore,  we  the 
assumption  that  Gi  is  symmetrical  about  the  y  axis  (Ci=C_i)  and  assuming  that  the 
grating  is  sinusoidal,  i.e.  C0=l  and  Ci=C.,=l/2,  the  intensity  impinging  on  G2  will 
be 
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Under  the  condition  that  AA/d  is  smaller  than  unity,  we  can  expand  <p(x,y)  in 
Taylor-series,  and  take  only  the  first  three  terms.  Let  the  grating  G2  be  sinusoidal 
too  and  the  angle  between  G2  and  y  axis  be  9,  the  transmission  function  of  the 
grating  is 


t2  (jc,  y)  =  1  +  cos  In 


xcos  6  +  ysin6 

T 


Finally  we  can  write  the  intensity  after  the  grating  G2  as 
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n 


(. x ,  y)  =  cos 


ia2 

dx2  2d 2 


cos 


2 n\ 


d(p  A  Jc(l-cos#)-ysin# 
dx  d  d 


+  B 


Where  the  term  B  includes  constant  terms  and  other  terms  that  vary  faster  than  the 
grating  and  that  can  be  regarded  as  background.  If  we  set  the  first  cosine  term 
equal  to  p  we  can  obtain  the  equation  for  the  moire’  fringes 

1-cos#  d(p  A  Md 

y  =— - -x - - - - 

sin#  dx  sin#  sin# 


0 {ju  >  0) 

d  .  M  =  0,±1,±2,... 
(ju  <  0) 


2  sin  6 


If  we  set  <p=  0,  then  the  moire’  pattern  is  a  set  of  parallel  fringes,  whose  period  in 
the  y  direction  is 

D  =  — - 
sin  6 

In  the  presence  of  aberration  the  local  shift  of  moire’  fringes  in  the  y  direction  is 

,  d<p  A 

h  =  - - 

dx  sin  6 

This  shows  that  the  measurement  of  the  fringe  displacement  is  directly 
proportional  to  the  gradient  of  the  aberration  function.  From  the  last  two 
expressions,  if  we  define  the  sensitivity  as  the  number  of  shifted  fringes,  i.e.  s=h/D 
we  can  readily  see  that  the  sensitivity  can  be  tuned  by  adjusting  the  distance  A 
between  the  gratings  and  the  period  d  of  the  gratings. 


3  The  Spatial  filter 

The  use  of  MD  by  itself  however,  does  not  solve  the  problem  of  temporal 
bandwidth.  In  normal  operations  one  has  to  acquire  the  fringes  and  process  them. 
Usually  this  is  done  by  using  a  CCD  camera  and  a  digital  computer.  Our  basic  idea 
consists  of  using  a  lens  to  produce  the  Fourier  transform  of  the  fringe  pattern.  The 
Fourier  transform  is  then  passed  through  a  spatial  filter  that  has  a  gradient  of 
transmission  such  that  can  attenuate  or  enhance  specific  areas  of  the  power 
spectrum  of  the  fringes.  At  this  point  another  lens  form  an  intensity  distribution 
on  a  CCD  camera.  This  last  intensity  distribution  is  directly  proportional  to  the 
gradient  of  the  wavefront  that  we  want  to  measure.  A  schematic  of  the  optical  lay¬ 
out  is  shown  in  Fig.  3.  The  gradient  transmission  spatial  filter  is  a  slit  with  a 
triangular  transmission  profile  a's  shown  in  Fig.4 
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Figure  3.  Schematic  of  the  experimental  set-up 


Figure  4:  cross-cut  of  the  transmission  gradient  slit 


From  the  discussion  in  the  previous  section  we  can  see  that  the  Fourier  transform 
of  the  fringe  pattern  is  proportional  to  the  Fourier  transform  of  the  wavefront 
function. 


3()0  =a- P\Z{(p)\~Y 


Where  a,  /land  /constants.  The  transmission  profile  of  the  slit  in  one-dimension 
is  of  the  form 


A(x)  = 


|*|<i 

otherwise 


The  intensity  pattern  after  the  second  lens  will  be 
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=  a  sin  c2^-—:*  sin  c2£  -  y  sin  c2t, 

og 


Where  *  indicates  a  convolution.  By  choosing  in  an  appropriate  way  the  size  of  the 
slit  and  positioning  it  appropriately  in  the  focal  plane  of  lens  L3  one  can  obtain  a 
modulation  of  intensity  that  is  directly  proportional  to  the  gradient  of  the 
wavefront.  By  calibrating  the  sensor  one  can  eliminate  the  unwanted  terms. 


4  Experimental  results 

Some  preliminary  experimental  results  were  carried  out.  We  used  a  one 
dimensional  set  up,  i.e.  two  Ronchi  gratings  with  a  one  dimensional  slit  with  a 
transmission 


Figure  5:  Moird  fringes  in  presence  of  aberrator 

profile  identical  to  the  one  shown  in  Fig.  4.  Fig.  5  shows  the  moire 
interferogram  in  the  presence  of  an  aberrator.  In  Fig.  7  is  shown  the 
intensity  pattern  after  the  spatial  filter  and  the  re-imaging  lens.  The 
two  most  distinctive  characteristics  of  our  aberrator,  a  plastic  cover 
case,  are  a  prominent  ‘hill’  shape  feature  in  the  bottom  part  and  a 
‘streak’  running  from  the  hill  up.  Both  these  features  are  ‘visible’  in  the 
fringe  pattern  in  Fig.  5.  However,  especially  around  the  bright  spot,  a 
standard  fringe  analysis  tool  will  have  severe  problems.  The  intensity 
encoding  of  the  aberration,  as  shown  in  Fig.  6,  offers  an  easier  way  not 


only  to  visually  infer  the  aberrations  but  to  quantify  them.  The  scheme 
and  the  set-up  are  very  promising  but  more  tests  are  needed  in  order  to 
fully  characterize  such  a  technique.  One  of  the  main  problems  with  the 
data  presented  in  this  paper  has  been  the  inability  of  measuring  the 
amount  of  aberrations  introduced  by  our  aberrator  in  an  independent 
way  as  form  of  confirmation  of  our  results.  This  inability  resides  in  the 
large  amount  aberrations  that  were  above  the  capabilities  of  a  standard 
Zygo  interferometer.  One  of  the  next  steps  will  be  to  reproduce  these 
results  using  a  well  characterized  aberrator. 


50  100  150  200  250  3C0  333  400  4SD 


Figure  6:  Intensity  encoding  of  the  aberrations 


5  Conclusions 

I  have  presented  some  preliminary  results  on  the  use  of  moire  deflectometry 
techniques  in  conjunction  with  a  spatial  filter  to  obtain  an  all-optical  wavefront 
sensor.  While  more  analysis  and  testing  is  required  the  preliminary  results  are  very 
encouraging.  The  noise  characteristics  of  such  a  sensor  need  to  be  addressed  and 
the  full  dynamical  range  of  sensitivity  adjustment  also  require  further  study. 
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The  Transport  of  Intensity  Equation  is  explored  in  various  applications  for  sensing  of  wave 
fronts.  Curvature  sensing  provides  the  phases  in  a  plane  where  the  intensity  is  well  known,  by 
solving  partial  differential  equations.  It  is  also  possible  to  measure  phases  in  two  planes  under 
simple  assumptions.  Solutions  of  differential  equations  depend  strongly  on  boundary 
conditions  that  require  accurate  measurement.  It  is  shown  that  scintillation  can  be  corrected  in 
such  cases,  even  without  the  boundary  conditions. 

1  Beam  propagation 

We  start  with  a  wave  propagating  in  the  +z  direction: 

u(x,y,z,t)  =  exp(-i2nct  / X)uz(r),  r  =  (*,?). 

We  express  uz  in  terms  of  real  intensity  (or  irradiance)  and  phase 
uz  (r)  =  (r)]  exp|t<p(r)] .  The  paraxial  equation  is 

(  d  v2 

nTA+iF+7'<W=0- 

where  V2  =  d2 j  dx1  +  d2 / dy2  ;  k=2ntX.  If  n  =  0  then  also 

ITmz  -  u\\  =  0 ,  and  we  get  the  Transport  of  Intensity  Equation  (TIE),  also 
known  as  the  Irradiance  Transport  Equation  [7,  6]: 

^^/(r,z)  =  -v  [/(r,z)v^(r,z)]  . 

This  equation  ties  intensity  and  phase  values  along  the  optical  propagation  path,  we 
will  discuss  three  aspects  of  the  equation: 

•  Curvature  sensing  in  one  plane 

•  Phase  sensing  in  two  planes 

•  Reduction  of  scintillation  effects. 
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2  Curvature  sensing  in  one  plane 


If  l(x,y,z-0)  =  I0=  const ,  the  ITE  reduces  to 

— =  V2#?  +  ;  e  =  edge  , 

Ldz  K)dn 


combined  with  Neumann  boundary  conditions  measured  through  the 


intensity  around  <5(c) .  We  approximate  the  longitudinal  derivative  as 

1  dl  l(z  -  Az)  -  l(z  +  Az)  1  l(z- Az)-l(z  +  Az) 

I0  dz  70  -2Az  Az  l(z~Az)+l(z  +  Az) 

We  constructed  an  optical  system  that  allows  us  to  re-image  different  planes  on 
the  camera  (Figure  1).  By  moving  the  lens  in  front  of  the  camera,  we  can  choose  the 
two  planes  to  overlap  (before  and  after  reflection  from  the  sample),  or  at  any  two 
other  locations. 

In  order  to  solve  the  TIE  we  use  the  Fourier  relationship  FT{tp\  = 


(O  2fT{V2^},  where  (O  is  the  spatial  frequency  [5,  2],  However,  to  apply  that 

we  also  need  to  plug  in  the  boundary  conditions.  This  is  done  by  defining  a  slightly 
larger  domain.  We  rewrite  the  TIE  with  an  additional  term,  whose  value  is  equal  to 
zero: 


k  ol 


dtp 


IQ  dz  K)dn  V  ’ 


dtp 

dn 


The  last  two  terms  can  now  be  absorbed  into  the  laplacian: 

k  ol  ^2 

/„  dz~  <P’ 


subject  to  the  boundary  conditions  =  0  around  S(e  +  A) .  The  equation  is 


solved  by  the  method  of  Projection  on  Convex  Sets,  by  repeatedly  entering  the 
measured  intensity  signals  inside  the  boundary,  finding  the  phase,  applying  the 
boundary  conditions,  and  so  on  [2,  5]. 
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Figure  1:  Optical  system  for  measuring  reflected  wave  fronts. 


In  our  experimental  setup,  we  are  interested  in  local  details.  The  wave  front 
might  be  tilted,  have  global  curvature,  or  other  aberrations  on  a  large  scale.  This  is 
of  low  importance  if  one  is  looking  for  small-scale  details.  To  get  rid  of  global 
aberrations,  we  fit  by  least-squares  the  wave  front  to  Zemike  polynomials,  and 
remove  them  [4],  In  Figure  3,  we  show  a  cut  through  a  deformable  mirror  under 
different  voltages.  Global  tip  and  tilt  have  been  removed,  and  the  most  obvious 
effect  is  the  curvature  change.  While  testing  deformable  mirrors,  we  were  able  to 
achieve  repeatability  of  5%,  and  local  accuracy  of  few  Angstroms  [1].  Our  ability  to 
improve  this  accuracy  requires  better  optics,  fine  alignment  of  the  measurement 
planes,  and  a  better  digitizing  camera  (we  currently  use  standard,  inexpensive 
optical  and  electronic  equipment). 
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Figure  2:  Processing  of  data:  iterative  enforcement  of  signal  and  of  boundary 
conditions. 
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Figure  3:  Cuts  through  a  flexible  mirror  under  electric  field. 

3  Phase  sensing  in  two  planes 

We  start  again  with  the  assumption  that  the  intensity  is  constant  before  hitting  the 
first  distorting  surface.  The  TIE  can  now  be  approximated  (for  small  distortions)  by 

^|  =  rfIn/(r,z)=-I&vV(r,Z). 

On  integration,  we  only  consider  distortions  in  two  planes,  say  z{  and  z2 ,  and 
neglect  them  elsewhere.  If  70  is  the  initial  intensity,  then 
/(V) 

-£ln  ~f1^zlV2(p1(r,z1)+z2V2(p2(r,z2). 

1 0 

If  either  one  of  the  planes  is  close  to  the  observation  plane,  we  see  that  most  of  the 
intensity  changes  will  be  due  to  the  other  plane.  This  is  exactly  the  case  of 
astronomical  scintillation,  created  by  distant  turbulent  layers  [3]. 

By  judicious  choice  of  the  detection  plane,  one  can  be  sensitive  to  either 
distorting  plane.  Imaging  one  of  the  planes  on  the  detector,  it  has  no  effect  on  the 
intensity  fluctuations.  Only  the  distortions  in  the  second  plane  are  measured.  The 
opposite  is  also  true:  focusing  on  the  second  plane,  intensity  scintillation  will  be  a 
result  of  phase  variations  in  the  first. 

The  detector  signal,  to  be  fed  into  the  phase  recovery  algorithm,  is 
/(z  —  Az)  —  l(z  +  Az)/ 1 (z.  ~  A z)  +  l(z  +  A z) .  The  denominator  is  actually  the 
intensity  (with  scintillation  imposed  on  it),  which  is  being  normalized  away. 
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However,  it  would  be  more  beneficial  to  use  this  intensity  to  estimate  the  phase 
fluctuations  in  the  other  plane  [3].  Thus,  four  images  are  to  be  taken:  two,  just 
before  and  after  the  first  plane,  and  two,  just  before  and  after  the  second  plane.  It 
might  be  possible  to  reduce  the  number  of  measurements  in  special  cases. 

4  Reduction  of  scintillation  effects 

In  direct  continuation  of  the  previous  sections,  one  can  see  that  different  phase 
values  can  lead  to  the  same  scintillation  pattern.  Any  two  wave  fronts,  whose 
laplacians  are  equal,  will  create  the  same  scintillation.  The  boundary  conditions 
might  be  different  in  this  case.  Alternatively,  two  wave  fronts  differing  by  a 
multiplicative  factor,  create  the  same  pattern  if  coming  from  different  distances: 

^<P2(r) 

,zi 

This  allows  one  to  correct  for  scintillation  effects  using  adaptive  optics,  even  if  the 
phase  is  not  properly  measured.  Correction  is  also  possible  if  the  deformable  mirror 
cannot  follow  the  phase  (say  because  it  is  limited  in  stroke),  or  cannot  be  placed 
exactly  at  the  plane  conjugate  to  the  distortions.  All  one  has  to  do  is  find  a  phase 
distribution  that  does  match  the  scintillation  pattern  and  the  mirror  location,  and 
apply  it  to  the  deformable  mirror. 


-k\n~^  »  *iV>,(r)  =  ZjV2^)  =  z2V>2(] r)  =  z,V2 
*0 
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LASER  WAVEFRONT  SENSING  USING  THE  INTENSITY  TRANSPORT 

EQUATION 
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A  Green’s  function  solution  to  the  Intensity  Transport  Equation  is  used  to  determine  the 
wavefront  of  a  laser-beam  from  measurements  of  the  intensity  profile  in  two  planes  equally 
spaced  about  the  wavefront  measurement  plane.  This  paper  describes  the  algorithm,  the 
experimental  arrangement  to  make  the  measurements  and  presents  some  preliminary  results. 


1  Introduction 

Laser-beam  wavefront  measurements  may  be  required  for  a  number  of  reasons.  In 
industrial  laser  material  processing  applications,  such  as  high  precision  cutting  and 
drilling,  aberrations  of  the  laser  wavefront  have  a  detrimental  effect  on  the  quality 
of  focus  of  the  beam  on  the  workpiece,  which  limits  the  precision  that  can  be 
achieved.  It  is  therefore  advantageous  to  be  able  to  make  measurements  of  the 
wavefront,  either  for  prior  correction  of  fixed  aberrations  or  for  real-time  adaptive 
beam-shaping. 

Wavefront  measurements  may  also  be  useful  when  setting  up  a  laser,  in  order 
to  achieve  optimal  alignment  of  the  optics.  Where  a  collimated  beam  is  required, 
this  could  be  obtained  by  adjusting  the  position  of  the  collimating  lens  until  the 
wavefront  sensor  indicates  zero  defocus  component  in  the  phase  profile.  Such  an 
approach  could  be  especially  useful  in  situations  where  there  is  insufficient  free 
space  to  propagate  the  beam  far  enough  to  confirm  collimation  by  beam  diameter 
measurements. 

Various  methods  exist  for  wavefront  sensing,  including  interference-based 
techniques  such  as  shearing  interferometry  [1],  sub-aperture  wavefront  slope- 
sensors  (Shack-Hartmann)  [1],  phase  diversity  [2]  and  curvature  sensing  [3].  It  is 
the  latter  approach  which  was  chosen  for  this  work,  due  to  the  recent  development 
within  this  group  of  a  system  for  simultaneous  imaging  of  three  different  planes 
onto  a  single  detector  surface.  This  enables  measurements  of  the  intensity  profile  in 
two  planes  either  side  of  the  pupil  to  be  made  simultaneously.  The  Intensity 
Transport  Equation  is  then  solved  using  a  Green’s  function  approach,  which 
expresses  the  solution  as  an  integral  and  can  be  readily  converted  into  a  numerical 
algorithm. 

In  section  2  the  Intensity  Transport  Equation  is  presented,  with  a  description  of 
its  solution  using  a  suitably  chosen  Green’s  function,  and  the  practical 
implementation  of  the  solution.  Section  3  describes  the  experimental  testing  of  the 
method’s  sensitivity  to  defocus  in  a  HeNe  beam. 


©  British  Crown  copyright  1999.  Published  with  the  permission  of  the  Defence 
Evaluation  and  Research  Agency  on  behalf  of  the  Controller  of  HMSO. 
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2  Theory 


2. 1  The  Intensity  Transport  Equation  ( I.  T.  E. ) 


The  Intensity  Transport  Equation  [4]  describes  the  evolution  of  the  intensity  profile 
of  a  beam  as  it  propagates  along  the  z-axis,  as  a  function  of  the  local  intensity,  7z(r), 
and  phase,  0;(r): 


dlz(r) 

dz 


~V.(/,(  r)V<D») 

in 


(i) 


The  physical  meaning  of  this  equation  may  be  understood  by  considering  a  region 
in  which  7z(r)  is  constant;  the  I.T.E.  then  simplifies  to 


o]_ 

dz 


=  -J~V20  (r), 

2 n 


which  relates  the  increase  or  decrease  in  the  local  intensity  propagating  along  the 
optical  axis  to  the  local  curvature  of  the  wavefront,  as  indicated  in  Figure  1. 


Figure  1.  Local  wavefront  curvature  leads  to  local  focusing  or  defocusing  and  hence  to  a  local  increase 
or  decrease  in  intensity  as  the  wavefront  propagates  forward. 

It  is  therefore  possible  to  determine  the  phase  profile  by  measuring  the  intensity 
derivative  in  the  direction  of  propagation  and  solving  the  I.T.E.  for  0Z( r). 


2.2  Green’s  function  solution  to  the  I.T.E. 

Green’s  second  theorem  [5]  gives  the  solution  for  a  function  /[ r)  within  a  two- 
dimensional  region  R  bounded  by  perimeter  P  as 

/(r)  =  JRG(r,r,)V2/(r/)dV 

+  £  /  (r')VG(r,  r')  •  dn'  -  £  G(r,  r')  V/  (r')  •  dn' 
where  G(r,r')  is  a  Green’s  function  satisfying  V2G(r,r/)  =  <5(r  —  r/)  . 


(2) 
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If  the  pupil  plane  contains  a  circular  aperture  of  radius  a,  within  which  the 
intensity  distribution  is  uniform  and  outside  which  it  is  zero,  the  intensity  function 
may  be  written  as 


I(r)  =  I0[l-U(r-a)\, 


where  [/(r)  is  the  unit  step  function.  The  I.T.E.  then  gives 

=  v-(&-^(r-tf)]v(Kr)) 


=  -S(r- a)  n  •  V0(r)  +  [l  -  U(r  -  <a)]V20(r) 


where  n  is  the  unit  vector  normal  to  the  aperture  edge.  Multiplying  this  equation  by 
a  Green’s  function  G(r,r')  and  integrating  over  the  entire  plane  gives 


2 n  i-  3/(r) 
/l/0  dz 


G(r,r7)d2r7  = 


-  £  G(r,  r7)  V^(r7)  •  dn'  +  £  G(r ,  r7)  V  >(r7)  d2r7 

Substituting  Eq(2)  into  the  above  gives 

0(r)  = — G(r,r7)d2r7  + 1  ^(rOVGCr.rO-dn7.  (3) 
dz  Jp 

If  the  Greens  function  is  chosen  to  satisfy  Neumann  boundary  conditions,  i.e. 

VG(r,r7)  n  =  0,  VreF 

then  the  second  integral  in  Eq(3)  vanishes,  and  the  solution  for  the  phase  simplifies 
to 


m  =  (4) 

AI0J  dz 

The  same  result  is  obtained  for  apertures  that  are  not  circular.  In  all  cases,  the 
differential  of  the  aperture-edge  intensity  step  in  the  I.T.E.  provides  the  delta- 
function  which  accounts  for  the  second  perimeter  integral  in  Eq(2).  Provided  the 
Green’s  function  satisfies  the  Neumann  boundary  conditions  on  P,  the  first 
perimeter  integral  in  Eq(2)  vanishes,  and  the  solution  is  reduced  to  the  single 
integral  of  Eq(4). 


2.3  Implementation 


The  intensity  derivative  in  Eq(4)  cannot  be  measured  directly.  Instead,  it  is 
approximated  by  the  intensity  difference  between  two  planes  equally  spaced  either 
side  of  the  pupil: 


dl(z)  _  I(z  +  Sz/2)-I(z-Sz/2) 
dz  dz 
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The  choice  of  &  is  a  compromise  between  having  the  planes  far  enough  apart  for 
the  intensity  difference  to  be  measurable,  and  sufficiently  close  together  that  the 
approximation  for  the  derivative  remains  valid.  This  is  discussed  by  Teague  [4]. 

The  Green’s  function  is  determined  only  by  the  aperture  around  which  its 
normal  derivative  is  required  to  vanish.  It  therefore  only  needs  to  be  calculated  once 
for  each  pair  of  points  r  &  r’,  and  the  values  can  then  be  stored  for  lookup.  The 
general  problem  of  deriving  a  formula  for  the  Green’s  function  is  well  known  [6] 
and  will  not  be  entered  into  here. 

It  should  be  mentioned  that  the  wavefront  could  be  expressed  in  terms  of  a  sum 
over  any  orthogonal  set  of  functions,  such  as  the  Zemike  modes,  by  choosing  the 
appropriate  Green’s  function.  The  set  of  discrete  points  { rj }  is  just  one  of  the 
possible  choices. 

The  integration  is  approximated  by  a  simple  sum.  The  Green’s  function  has 
already  been  evaluated  for  each  (r,r’)  pair,  and  so  the  numerical  integration  can 
potentially  be  carried  out  very  quickly  (50|is  per  point,  or  per  wavefront  mode,  on  a 
450MHz  PC  for  a  40x40  matrix). 

It  has  been  assumed  in  the  preceding  analysis  that  the  intensity  in  the  pupil 
plane  is  uniform.  Since  laser-beams  nominally  have  Gaussian  intensity  profiles,  the 
validity  of  this  approximation  will  depend  on  how  much  of  the  full  beam  width  is 
used  for  wavefront  sensing. 


3  Experiment 

3. 1  The  wavefront  sensor 

The  basic  experimental  arrangement  for  simultaneous  measurement  of  the  beam 
intensity  profile  in  two  planes  is  shown  in  Figure  2.  The  quadratically  distorted 
grating  puts  equal  and  opposite  amounts  of  defocus  into  the  +1  and  -1  diffraction 
orders,  so  that  the  grating-lens  combination  forms  images  of  the  two  planes 
indicated,  at  equal  distances  from  the  lens,  as  well  as  an  image  of  the  far-field. 


Figure  2.  The  basic  experimental  arrangement. 
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The  Green’s  function  had  been  previously  calculated  on  a  40x40  grid  of  points  and 
stored.  The  intensity  profiles  from  the  two  planes  were  extracted  from  the  camera 
image,  the  -1  order  profile  flipped  in  x  and  y  to  correct  for  its  negative 
magnification  relative  to  the  +1  order,  the  difference  taken,  and  the  integral  carried 
out  to  obtain  the  wavefront. 

3.2  Defocus  testing 

An  experiment  to  test  the  wavefront  sensor  for  defocus  sensitivity  was  carried 
out  using  a  5mW  HeNe  laser  with  a  wavelength  of  633nm.  A  collimated  beam  was 
formed  by  focussing  the  beam  onto  a  25pm  pinhole  placed  one  focal  length  away 
from  the  collimating  lens.  The  wavefront  sensor  arrangement  shown  above  was 
placed  in  the  beam,  using  a  grating-lens  combination  which  gave  a  plane  separation 
of  148cm. 

Defocus  was  introduced  into  the  pupil  plane  by  moving  the  collimating  lens  on 
a  translation  stage.  Figure  3  shows  a  graph  of  the  theoretical  number  of  waves  of 
error  introduced,  and  the  number  of  waves  of  defocus  in  a  Zemike  analysis  of  the 
wavefront  estimate. 


Lens  Position  (mm) 

Figure  3.  Applied  and  measured  defocus. 

It  can  be  seen  that  there  is  good  agreement  between  applied  and  measured  defocus, 
with  an  RMS  error  of  0.07  waves. 


4  Conclusions 

We  have  demonstrated  laser  wavefront  sensing  using  a  Green’s  function  solution  to 
the  Intensity  Transport  Equation.  The  method  involves  using  a  diffractive  optical 
element  to  simultaneously  image  two  planes  onto  the  same  camera.  The  intensity 
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difference  is  then  integrated  with  a  pre-calculated  Green’s  function  to  give  the 
wavefront. 

The  technique  has  been  used  successfully  to  measure  defocus  in  the  beam  from 
a  HeNe  laser,  to  within  an  RMS  error  of  0.07  waves  (A/14). 

Future  work  will  include  testing  the  technique  using  deliberately  applied 
aberrations  other  than  defocus  and  experiments  to  measure  the  wavefront  on  low 
beam-quality,  high-power  lasers. 
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Optical  aberrations  in  an  actual  adaptive  optics  system  which  occur  after  the  wavefront 
sensing  can  be  the  limiting  aberration  in  a  system.  We  describe  work  on  correcting  these 
errors  using  dithering  techniques  in  the  ELECTRA  adaptive  optics  system. 


1  Introduction 

All  adaptive  optics  systems  suffer  from  non-common  path  errors  and  such  errors 
can  have  a  substantial  effect  on  the  output  image  quality.  Such  errors  arise  due  to 
mechanical  stresses  in  the  system,  effects  of  gravity  or  thermal  fluctuations.  The 
errors  that  occur  before  the  correction  device  are  corrected  for  in  the  normal  closed 
loop  operation  of  the  AO  system.  However,  errors  in  the  path  to  the  output  camera 
are  not.  We  propose  an  easily  applicable  technique  that  only  requires  measurements 
from  the  image  intensity  profile  at  the  output  camera.  When  used  in  conjunction 
with  a  search  algorithm  the  segmented  mirror  can  be  offset  to  account  for  these 
errors.  This  procedure  is  not  restricted  to  astronomical  systems;  indeed  any  system 
where  active  correction  is  required  can  benefit  from  this  technique.  We  present 
experimental  results  of  image  evaluation  procedures  and  theoretical  studies  in 
segmented  mirror  alignment. 


2  Non-common  path  errors  and  the  ELECTRA  system 

The  ELECTRA  system  [1]  is  designed  for  the  William  Herschel  Telescope  (WHT) 
at  La  Palma.  The  size  and  number  of  mirror  segments  was  chosen  to  provide  a  15- 
40%  correction  in  median  seeing  conditions  at  0.5pm  If  one  imagines  a  10  by  10 
array  with  each  of  the  6  comer  segments  missing  then  that  is  the  segment  layout. 
Each  can  be  driven  individually  in  tip,  tilt  and  piston  with  an  overall  throw  of  6pm. 
The  width  of  each  is  7.54mm  square  with  a  separation  of  0.08mm.  Applying  an 
offset  to  these  segments  allows  for  correction  of  the  non-common  path  error. 

The  technique  is  summarized  in  Figure  1,  an  incident  plane  wave  from  the 
alignment  source  impinges  of  the  mirror  and  the  image  recorded  by  the  CCD 
camera  contains  the  aberrations  due  to  elements  in  the  science  arm  (the  non- 
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common  path  error)  and  the  initial  random  state  of  the  mirror.  The  final  mirror  will 
then  be  flattened  and  offset  for  the  non-common  path  error.  There  are  two  main 
considerations  in  the  dithering  technique;  one  is  the  characterization  of  the  image 
and  the  second  is  the  search  strategy.  These  are  treated  separately  in  the  following 
two  sections. 


Figure  1  -  Schematic  of  the  output  arm  of  the  ELECTRA  system 


3  Image  quality  evaluation 

In  order  to  characterize  the  image  we  want  a  single  number  which  is  either 
maximized  or  minimized  (depending  on  its  exact  form).  The  use  of  such  image 
sharpening  metrics  was  first  proposed  by  Buffington  et  al.  [2-4].  Ideally  these 
functions  should  have  only  one  extrenum  corresponding  to  the  case  with  zero 
aberration.  Two  such  metrics  are  given  below 

Ji  =  J  M  (x,  y)I  (x,  y)dxdy 

J2  =  J I n  (jc,  y)dxdy  where  n  =  2,3,4 


Table  1  -  Various  image  metrics  I( x,  y)  is  the  intensity  at  the  point  (x,  y) 

The  first  metric  is  used  in  conjunction  with  a  mask,  M(x,  y ).  The  mask  is 
chosen  to  mimic  the  PSF  in  the  absence  of  any  aberration,  obviously  this  is  only 
really  applicable  for  point  sources.  The  second  metric  has  proved  the  best  in 
experiment  for  point  like  sources.  A  simple  experiment  was  preformed  in  which  the 
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aberration  was  provided  by  a  microscope  slide  and  the  correction  device  was  a 
Meadowlark  Hex  69  LC-SLM  dithered  using  modal  correction  in  the  form  of  a 
Zernike  expansion.  The  results  are  presented  in  Figure  2,  metric  function  2  was  used 
with  n= 2. 


a)  Initial  PSF:  MF  =  0.49,  RMS  error  =  0.171,  SR  =  0.3 


Pixel  no  0  0 


b)  Corrected  PSF:  MF  =  0.54,  RMS  error  =  0.09,  SR  =  0.73 

Figure  2  -  Initial  and  final  PSFs  for  static  correction  for  the  first  10  Zernike  modes 
using  a  LC-SLM 


4  Search  strategies 

Two  algorithms  were  tried,  the  simplex  [5]  and  simulated  annealing  approaches. 
The  simplex  algorithm  proved  to  effective  although  tended  to  require  more 
iterations  than  the  simulated  annealing  approach.  Only  the  simplex  technique  will 
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be  detailed  here.  For  the  ELECTRA  mirror  having  76  segments  each  with  3  degrees 
of  freedom  the  total  number  of  parameters  is  N  =  228.  A  simplex  is  an  N+l 


Initial  simplex 

a  -high  point 
b  -  low  point 


b 


Reflection  from  the 
high  point 


Figure  3  -  Possible  outcomes  for  a  step  in  the  simplex  method 


dimensional  figure  whose  initial  vertices  are  random  mirror  configurations,  the 
simplex  then  performs  a  series  of  steps  detailed  in  Figure  3  in  order  to  proceed 
through  the  extremely  complex  topology. 

The  method  was  tried  using  a  mirror  found  a  highly  misaligned  state  using  the 
merit  function  I2,  results  are  shown  in  Figure  4.  If  the  mirror  has  a  high  initial  RMS 
error  then  the  final  surface  may  contain  one  of  more  segments  with  a  half 
wavelength  piston  error,  such  a  displacement  is  undetectable  in  the  far  field.  The 
minimization  wavelength  was  1pm.  Table  2  shows  the  achieved  correction  for 
varying  initial  conditions,  the  algorithm  was  nudged  after  it  claimed  to  find  the  first 
minimum  such  ‘nudges’  are  not  costly  but  proved  beneficial  for  the  more  highly 
misaligned  states.  Figure  5  shows  the  evolution  of  the  correction  with  the  nudge 
clearly  visible. 
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a)  -  Initial  mirror  surface  RMS  error  =  0.24,  SR  -5% 


b)  -  Final  mirror  surface  RMS  error  =  0.05 1 ,  SR  -90% 


Figure  4  -  Initial  and  final  mirror  surfaces.  Final  state  contains  several  segments  with  half  integer  piston 
error 


Initial  RMS 

error 

Strehl  ratio  - 
before 

Strehl  ratio  - 
after 

Final  RMS 

error 

Iterations 

0.07 

0.98 

0.98 

0.018 

3870 

0.1 

0.98 

0.98 

0.021 

4973 

0.14 

0.97 

0.98 

0.023 

6330 

0.19 

0.95 

0.97 

0.029 

6371  * 

0.24 

0.885 

0.90 

0.051 

9235  * 

0.29 

0.73 

0.81 

0.072 

10729  * 

Table  2  -  Final  correction  for  varying  initial  conditions.  The  *  denotes  the  half  wavelength  ambiguity. 
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1 1 - 1 - i - 1 - 1 - 1 - r 


No  of  Iterations 

Figure  5  -  Evolution  of  the  correction.  The  nudge  is  clearly  visible  at  around  7600  iterations 


5  Conclusion 

The  simple  alignment  of  a  segmented  mirror  has  been  demonstrated  in  theory. 
Further  work  is  required  to  investigate  the  effect  of  a  change  of  merit  function  on 
nudging  the  simplex  and  whether  a  complete  change  of  algorithm  mid-search  may 
be  useful  to  reach  a  better  state.  To  remove  the  half  wavelength  ambiguity 
minimization  at  several  wavelengths  is  required  These  points  and  the  actual 
implementation  of  the  ELECTRA  apparatus  are  the  subject  of  ongoing  research. 
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FIELD  OF  VIEW  WIDENING  IN  NON-ASTRONOMICAL  ADAPTIVE 

SYSTEMS. 
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Fundamental  limitation  on  field-of-view  in  a  non-astronomical  adaptive  optical  system  due  to  its 
anisoplanatism  is  analyzed.  Some  possibilities  of  field-of  view  widening  in  adaptive  optics  are 
discussed.  An  estimation  of  possible  isoplanatic  patch  of  an  adaptive  system  for  retinoscopy  is 
made  using  some  heuristic  approximation  for  irregular  aberration  structure  function. 


1  Introduction 

Instrumental  limitation  in  astronomical  adaptive  optics  due  to  its 
anisoplanatism  is  well  studied  [1,2].  In  most  cases  it  restricts  the  angular  size  of 
the  corrected  zone  up  to  a  few  arc  seconds.  The  idea  of  enlarging  the  isoplanatic 
patch  using  a  number  of  phase  correctors  [3]  leads  to  complicated  systems.  If  the 
distorting  medium  is  stratified,  the  corrector  location  optimization  and  some 
modification  of  its  control  algorithm  may  give  a  good  result  [4].  These  estimations 
are  supposed  to  be  useful  especially  for  non-astronomical  applications,  when  phase 
distortions  are  usually  concentrated  in  one  or  a  few  layers.  The  main  problem  in 
such  a  case  is  that  we  usually  have  no  reliable  mathematical  model  of  irregular 
aberrations,  and  the  best  thing  one  can  do  is  to  make  up  some  heuristic  model 
which  does  not  contradict  with  experimental  data. 


2  The  basic  assumptions  and  block  diagram  of  an  adaptive  system 

The  basic  diagram  of  a  system  under  discussion  is  shown  in  fig.  1. 

The  optical  block  contains  a  phase  corrector,  which  image  is  located  within  the 
inhomogeneous  layer.  It  is  supposed  that  the  rays  passing  through  that  virtual 
corrector  are  not  restricted  by  the  other  optical  elements.  Thus,  the  virtual  corrector 
is  the  input  pupil  of  the  adaptive  system.  Phase  distortions  for  all  the  rays  outgoing 
from  each  object  point  are  summarized  along  the  ray  and  with  the  phase  shift, 
introduced  by  corrector.  Then  the  result  is  averaged  over  the  pupil  area.  Similar 
approach  can  be  used  in  the  case  of  two  or  more  layers.  To  perform  those 
calculations  the  structure  function  of  phase  distortion  should  be  known.  For 
atmospheric  turbulence  it  is  taken  in  a  conventional  form:  D(r)=6.88(r/r0),  where  r0 
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is  the  Fried’s  radius.  For  other  applications  we  use  “atmospheric-like” 
approximation  D(r)=(r/rc)Y,  where  rc  is  the  correlation  radius,  and  l<y<2. 


3  Isoplanatic  angle  and  residual  mean  square  error  estimation 

3.1  Atmospheric  layers 

In  fig.  2  the  value  of  isoplanatic  angle  for  a  single  turbulent  layer  is  depicted  versus 
the  corrector  image  relative  coordinate  (L  is  the  distance  between  the  object  and 
the  input  aperture).  Relative  coordinate  of  the  layer  center  is  taken  0.5.  Relative 
thickness  of  the  layer  is  the  parameter.  It  can  be  seen  from  this  figure  that  for  thick 
layers  (d>0.6L)  optimization  of  the  corrector  position  is  not  effective  and  its 
conventional  location  close  to  the  input  aperture  does  not  decrease  much  the  field- 
of-view.  In  the  case  of  thin  layers  (d<0.2L),  on  the  contrary,  proper  position  of 
corrector  is  of  great  importance.  The  isoplanatic  angle  for  such  a  thin  layer  is 
inverse  proportional  to  its  relative  thickness.  Residual  error  of  adaptive 
compensation  averaged  over  a  certain  area  in  the  object  plane  for  one,  two  and 
three  thin  layers  is  shown  in  fig.  3.  Only  for  a  single  layer  this  error  can  be  made 
zero  by  changing  the  corrector  plane.  For  two  or  more  thin  layers  and  for  a  layer  of 
a  finite  thickness  only  a  minimum  can  be  achieved.  It  is  notable  that  the  position  of 
that  minimum  and  its  depth  does  not  depend  much  on  whether  piston  mode  is 
removed  or  not.  This  result  is  in  contrast  with  that  known  from  astronomical 
application,  when  the  corrector  plane  is  located  close  to  the  input  aperture. 


Figure  2.  Isoplanatic  angle  dependence  on  the  corrector  location. 


Figure  3.  Mean  square  error  dependence  on  the  phase  corrector  location. 

1  -  one  thin  layer,  y=0.5L;  2  -  two  layers,  yi=0.4L,  y2=0.6L;  3  -  three  layers,  y,=0.4L,  y2=0.5L,  y3=0.6L. 
1,2,3  -piston  removed.  1’ ,  2’ ,  3  ’  -  piston  not  removed. 
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3.2  A  multi-reference  system 

Residual  error  of  adaptive  correction  averaged  over  a  certain  area  can  be  decreased 
if  a  multi-reference  technique  is  used.  In  the  algorithm  proposed  [4]  the  correcting 
phase  shift  is  calculated  as  a  weighted  sum  of  the  phases  measured  from  different 
references.  In  fig.  4a  the  error  distribution  along  the  object  is  shown  for  a  number 
of  different  angles  between  the  references.  The  reference  configuration  (for  8  of 
them)  is  shown  in  fig.  4b.  Zero  distance  between  references  means  that  a 
conventional  single-reference  system  is  analyzed.  In  a  multi-reference  system  of 
that  kind  the  residual  error  in  the  central  region  increases,  while  on  the  periphery 
it  decreases.  So  a  compromise  for  a  given  area  can  be  found. 


a) 


b)  Reference  configuration. 


Figure  4.  Mean  square  error  in  a  multireference  adaptive  system.  Ro  =Rcx/0. 


3.3  Human  Eye  Aberrations 

Aberrations  of  human  eye  significantly  reduce  the  quality  of  retinal  image  [5]. 
The  contrast  and  resolution  of  retinal  image  can  be  improved  by  means  of  adaptive 
optics  [6]  within  the  isoplanatic  angle  of  at  least  one  degree.  We  try  to  estimate  the 
isoplanatic  zone  of  an  adaptive  system  for  retinal  imaging  and  discuss  some 
methods  of  its  enlarging.  This  way  of  field-of-view  widening  is  alternative  to 
another  one  when  only  a  small  number  of  lower  aberrations  is  compensated  for  by 
adaptive  corrector  and  the  others  are  reduced  by  a  deconvolution  algorithm  [7].The 
main  difficulty  is  that  we  do  not  have  enough  information  to  develop  a  reliable 
mathematical  model  for  small-scale  irregular  aberrations,  and  only  have  to 


speculate  about  it.  Nevertheless,  some  plausible  estimation  can  be  done.  Using 
available  data  [5]  about  the  mean  square  aberration  coefficients  dependence  on  its 
number,  we  tried  to  approximate  it  by  e2=  N  where  N  is  the  aberration  number 
and  b  is  an  empirical  value.  We  have  obtained  b  =  1.4  ~  1.5,  which  is  significantly 
less  than  for  the  atmospheric  turbulence.  It  means  that  if  we  use  an  “atmospheric- 
like”  structure  function  y  should  be  less  than  the  common  value  of  5/3.  Estimation 
gave  y~  1.33  ~  1.56,  but  that  result  is  not  very  reliable  because  of  insufficient 
statistics.  The  basic  block  diagram  of  an  eye  inspection  system  and  its  equivalent 
scheme  are  presented  in  fig.  5a, b.  As  the  phase  corrector  and  the  distorting  layer 
are  placed  now  in  parallel  rays,  the  analysis  of  the  isoplanatic  angle  leads  to  an 
universal  dependence  on  a  parameter  r|  as  it  is  shown  in  fig.  6.  Here  the  mean 
square  aberration  suppression  factor  is  depicted  versus  the  normalized  angle. 
Knowing  the  suppression  factor  required  one  can  estimate  the  size  of  the 
isoplanatic  patch. 


Figure  5.  The  basic  block 


diagram  of  an  eye 


nspection  system. 


Q(n) 
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4  Discussion 

Let  us  try  to  apply  the  results  above  to  estimate  the  size  of  field-of-view  of  an 
adaptive  device  for  retinoscopy.  According  to  [5,6]  mean  square  aberration  cased 
by  irregular  distortions  (N>4)  is  about  e2  =2.5.  The  desired  level  of  aberrations 
over  the  field-of-view  for  diffraction  limited  image  is  s2  =  0.15.  So  the  suppression 
factor  should  be  Q=0.06.  This  is  an  “optimistic”  estimation.  In  the  other  case  it 
may  be  supposed  that  all  aberrations  including  the  large  scale  ones  are  to  be 
corrected.  In  that  case  we  obtain  a  “pessimistic”  estimation  of  the  suppression 
factor  of  Q=0.005.  To  make  use  of  these  estimations  we  approximated  the  upper 
curve  in  fig.6  by  an  empiric  formula  Q=0.78ri'-2.  That  leads  to  an  estimation  of  the 
isoplanatic  patch  angular  size:  a  =  (R/Az)  (Q/0.78)0  85,  where  R  is  the  eye  pupil 
radius  (in  our  case  it  was  7.3/2  =3.65  mm)  and  Az  is  the  distance  between  the  pupil 
and  the  distorting  layer.  We  take  here  the  worst  possible  situation  when  the  most 
intensive  distortions  lay  near  the  outer  surface  of  the  eye.  In  this  case  Az  is  also 
about  3.5  mm.  These  values  leads  to  an  “optimistic”  corrected  field-of-view  of  6 
angular  degrees,  and  “pessimistic”  -  of  0.85  degree.  We  believe  that  these 
estimations  are  in  good  accordance  with  experimental  results  [6]. 
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ADAPTIVE  COMPENSATION  FOR  TIME-DEPENDENT  THERMAL 
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Laser  beam  adaptive  control  with  the  use  of  a  multidither  algorithm  is  considered  under 
the  conditions  of  thermal  blooming.  It  was  shown  that  if  the  algorithm  is  applied  before  the 
termination  of  transient  processes  in  a  medium,  an  adaptive  system  finds  the  region  of  the 
extremum  but  leaves  it  in  a  short  while.  Time  required  to  find  the  extremum  is  defined  by  the 
value  of  a  gradient  step,  lesser  is  the  step,  greater  is  the  time,  but  the  time  interval  during 
which  the  system  remains  in  the  vicinity  of  the  extremum  is  inversely  proportional  to  the 
value  of  the  step.  The  problem  becomes  even  more  complicated  if  local  maxima  appear  in 
the  space  of  control  coordinates. 


1  Mathematical  description  of  a  beam  propagation.  An  algorithm  of 
control 

Analysis  of  the  control  in  a  homogeneous  medium  was  performed  in 
approximation  of  nonstationary  wind  refraction.  The  beam  and  medium  interaction 
is  defined  by  the  following  dimensionless  parameter: 

_  Ika^al  dn 
noPoCpV~dT’ 

which  is  proportional  to  the  intensity  I,  squared  initial  radius  of  the  beam  a0,  and 
also  depends  on  other  parameters  of  the  beam  and  medium.  The  field  of  the  laser 
beam  in  the  observation  plane  is  characterized  by  a  criterion  of  focusing 

=  J  jjexp(-(x2  +  y2)/  r2)I(x,  y,  z0,t)dxdy , 

actually  J{t)  is  the  power  of  light  within  the  aperture.  In  this  equation  ra  is  the  radius 
of  the  aperture,  P  is  the  total  power  of  the  beam.  The  diffraction  length  zd  =  2 ka0  of 
radiation  was  chosen  as  a  spatial  scale  of  the  problem  along  the  axis  of  the  beam 
propagation  (here  k  is  the  wave  number).  In  the  plane  perpendicular  to  the  beam 
propagation  the  scale  was  the  initial  radius  a0.  The  temporal  scale  of  the  problem 
was  the  wind  clearing  time  Xy=  af  |  V  |  characterizing  the  development  of  transient 
processes  associated  with  heating  of  the  medium.  Corresponding  variables  are 
normalized  to  these  scales. 
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Corrections  for  nonlinear  distortions  are  considered  with  the  use  of 
multidither1  sensing  according  to  which  a  change  in  the  control  coordinates  of  the 
adaptive  corrector  F  =  {Ft,  F2, FN}  is  performed  by  the  following  formula: 

F(t)  =  F(t-td)  +  a(/-xd)  grad  J(/-xd). 

The  components  of  the  vector  grad  J(t-xd)  are  derivatives  dJ(t)/dF,  calculated 
during  the  test  soundings. 


2  Estimation  of  the  accuracy  in  seeking  the  extremum  when  performing 
control  using  non  steady-state  parameters 

The  possibility  of  performing  control  with  the  use  of  non  steady-state 
parameters  (before  termination  of  the  transient  processes  in  the  beam  -  medium 
system)  has  been  considered  by  the  authors  of  Refs.  2  and  3.  In  this  article  we 
present  some  results  of  a  detailed  investigation  into  this  problem.  The  possibility  is 
being  assessed  of  not  only  determining  the  extremum  during  a  finite  time  interval, 
but  also  of  tracing  the  goal  fimction’s  extremum  location  during  the  process  of  the 
medium  heating  by  the  beam. 

The  isolines  in  Fig.  1  show  the  distribution  of  the  criterion  J{t)  over  the 
space  of  two  control  coordinates  (tilt  and  defocusing)  at  different  moments  in  time. 
Figure  2  illustrates  the  motion  of  the  extremum  (curve  1  in  Figs.  2 a  and  b). 
Obviously,  positioning  the  adaptive  system  in  the  extremum  at  every  moment  in  time 
would  provide  for  the  highest  efficiency  of  control.  The  speed  with  which  a 
corrector  profile  is  changed  is  determined  by  an  interval  between  two  successive 
iteration  steps  and  by  the  coefficient  a  (the  step  in  tilt  aTnt  can  differ  from  that  in 
focusing  aFoc).  Varying  these  two  parameters,  interval  between  the  steps  and  the 
coefficient  a,  enabled  us  to  reveal  that  three  variants  of  the  control  are  possible. 

1 .  The  coefficient  a  is  small  (aTm =1.0,  aFoc = 0.5).  In  this  case  the  algorithm  reaches 
maximum  in  I5xv  and  remains  in  the  extremum  practically  without  any  limitations 
on  time.  In  this  version  the  control  is  very  slow. 

2.  Increasing  the  gradient  step,  that  is  a  approaches  optimal  value.  In  Figs.  2 a  and  b 
this  variant  is  characterized  by  curves  2.  In  the  interval  from  0  to  4xv  the  system 
moves  slower  than  the  maximum,  after  4tf  the  tilt,  defocusing,  and  the  criterion  J 
are  approach  optimal  values,  but  the  algorithm  does  not  stop  in  the  extremum,  the 
focusing  continues  to  increase  that  finally  leads  to  defocusing  (t  >  6.5  Xy). 

3.  Further  increase  of  a  (curves  3  in  Figs.  2 a  and  b ).  Although  in  this  variant  the  tilt 
and  defocusing  differ,  at  the  initial  moments  in  time,  from  optimal  values,  those  are 
nearer  to  optimum  as  compared  to  the  above  two  examples.  At  t>  2xv  the  growth  of 
tilt  and  defocusing  continues  and  exceeds  the  optimal  values. 

If  summarizing,  one  may  arrive  at  a  conclusion  that  it  is  impossible  to  find 
out  the  optimal  value  of  the  gradient  step  that  would  allow  the  adaptive  system  to 


280 

detect  coordinates  of  the  extremum  at  the  initial  moments  in  time  and  to  hold  the 
optimal  focusing  after  termination  of  the  medium  heating. 

When  performing  control,  we  assumed  that  multidither  sounding  provides 
for  detecting  the  extremum  of  the  function  presented  in  Fig.  1.  Every  point 
determined  by  this  function  is  a  solution  to  the  problem  of  nonstationary  wind 
refraction  given  certain  initial  conditions.  If  the  frequency  is  high  (time  between  the 
test  variations  is  much  shorter  than  the  characteristic  time  of  thermal  lens  change),  the 
function  does  not  change  during  the  time  of  the  gradient  step  change.  Thus,  one  may 
expect,  within  the  framework  of  the  assumption  made,  that,  as  a  result  of  heating  of 
the  medium,  at  a  gradient  step  larger  than  the  optimal  one  (the  gradient  step  is  kept 
constant  during  the  control)  the  control  coordinates  and  criterion  of  focusing  would 
oscillate  in  the  vicinity  of  extremum  and  the  larger  is  coefficient  a,  the  larger  is  the 
amplitude  of  oscillations.  However,  this  situation  has  never  been  observed  in  the 
numerical  experiments. 

Among  the  causes  of  inaccurate  detection  of  the  extremum  coordinates  may 
be  the  difference  between  the  “frozen”  hill  and  the  function  presented  in  Fig.  1.  To 
confirm  this  hypothesis,  the  following  numerical  experiment  has  been  conducted. 
We  have  simulated  propagation  of  the  beam  under  conditions  of  nonstationaiy  wind 
refraction  up  to  3xy  time  with  control  coordinates  corresponding  to  the  maximum  in 
the  goal  function  (tilt  equals  to  3.0,  focusing  to  1.0).  Then,  having  fixed  the  thermal 
lens,  we  have  varied  the  control  coordinates  and  calculated  the  light  field  on  the 
object  (solution  of  the  problem  on  beam  propagation  under  conditions  of  a  constant 
thermal  lens).  In  that  way  we  have  simulated  the  distribution  of  the  goal  function  as 
it  is  sensed  by  fast  multidither  sounding.  Thus  obtained  distribution  is  presented  in 
Fig.  3.  As  seen  from  this  figure,  it  differs  from  the  function  shown  in  Fig.  lb  (this 
function  was  calculated  for  time  of  3xy).  Since  the  goal  function  that  has  been 
introduced  into  the  control  algorithm  is  different  than  the  function  'whose  extremum 
is  being  sought,  one  can  arrive  at  a  conclusion  that  multidither  sounding  using  non- 
steady-state  parameters  of  the  problem  is  inherently  unstable.  The  algorithm  does 
not  always  provide  for  accurately  determining  the  extremum  (one  may  expect  only 
approaching  the  maximum  neighborhood)  while,  in  any  case,  the  adaptive  system 
leaves,  in  a  while,  the  vicinity  of  the  extremum  and  moves  toward  overfocusing.  The 
time  during  which  the  adaptive  system  is  in  the  vicinity  of  extremum  depends  on  the 
gradient  step  value.  If  the  choice  of  a  is  wrong,  this  time  can  be  quite  short  (as,  for 
example,  that  shown  in  Fig.  2  when  the  parameters  correspond  to  curve  3;  the 
adaptive  system  was  in  the  vicinity  of  the  maximum  only  during  lxKto  2xv). 


Figure  1.  Distribution  of  the  criterion  J(t)  in  the  space  of  coordinates  of  tilt  and  focusing  recorded  at  different 
moments  in  time.  The  initial  conditions  have  been  taken  one  and  the  same  in  all  calculations,  namely,  Rv  -  - 
100;  z  =  0.5;  z„i  =  0.1,  u  =  ao- 


Figure  2.  Changes  of  the  extremum  coordinates  (tilt  (a)  and  defocusing  (b))  at  heating  of  a  medium  by  a 
beam  (curve  1  in  all  the  figures)  and  corresponding  changes  in  those  due  to  control  (curve  2  corresponds  to 
anu  =  2.5,  an*  =  0.2,  curve  3  to  a™  =  2.5,  ctFoc  =  0.5). 
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3  Peculiarities  of  multidither  sounding  under  the  presence  of  local  extrema 

Solving  the  problem  on  propagation  of  laser  beams  under  condition  of 
time-dependent  thermal  blooming  enables  one  to  show  that  at  the  initial  moments  in 
time  (t  <  3zy)  only  one  extremum  occurs,  the  second  one  taking  place  only  at  /  >  3xv. 
So,  one  may  assume  that  if  the  algorithm  is  capable  of  accurately  detecting  the 
motion  of  the  extremum  in  the  space  of  control  coordinates  the  local  maxima  would 
not  influence  the  control  efficiency. 

To  illustrate  this  situation,  Fig.  4  presents  the  change  of  tilt  (o)  and 
defocusing  (b)  for  the  case  of  control  when  local  extrema  appear  at  different  values 
of  the  gradient  step  a.  As  a  result  of  thorough  selection,  we  have  managed  to 
achieve  the  situation  that  algorithm  identifies  the  global  extremum  (aTiit=1.0, 
aFoc  =  o.6)  and  the  adaptive  system  is  being  kept  in  its  vicinity  for  quite  a  long  time 
(curves  1  in  Figs.  4 a  and  b). 

One  of  the  possibilities  to  perform  the  control  with  the  use  of  non  steady- 
state  parameters  is  in  the  control  only  over  tilt  at  the  very  initial  moments  in  time, 
with  the  focusing  being  fixed.  Such  a  procedure  allows  the  algorithm  to  reach  the 
vicinity  of  a  global  extremum  within  a  wide  range  of  ctTiu  values  and  then  to  proceed 
to  control  over  the  tilt  and  focusing  simultaneously. 

On  the  whole  one  may  conclude  that  the  control  algorithm  is  capable  of 
tracing  the  tilt  variations  due  to  heating  of  the  medium  by  a  beam  quite  accurately 
what  enables  the  adaptive  system  to  reach  the  vicinity  of  the  extremum.  At  the  same 
time  no  exact  determination  of  the  global  maximum  coordinate  over  focusing  is 
possible  (it  should  be  kept  in  mind  that  these  conclusions  are  only  true  for  the 
control  over  non  steady-state  parameters). 
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The  control  over  high-power  laser  beam  based  on  the  aperture  sounding  algorithm  and  its 
modification  is  considered  in  this  paper  using  methods  of  numerical  experiment.  A  domain 
of  the  problem  parameters  is  shown  to  exist  for  which  local  extrema  appear  in  the  space  of 
control  coordinates.  A  decrease  in  the  efficiency  of  correction  for  the  beam  thermal  blooming 
due  to  these  local  extrema  is  estimated.  The  method  for  seeking  the  global  (basic)  maximum 
is  proposed. 


1  Introduction 

A  comparison  of  algorithms  for  phase  control  over  laser  beams  in  a 
nonlinear  medium  carried  out  by  many  authors1"3  shows  that  none  of  the  algorithms 
known  at  present  is  free  of  serious  drawbacks.  Thus,  for  example,  it  is  characteristic 
of  the  phase  conjugation  method  that  the  correction  becomes  unstable  as  the 
radiation  power  increases.3,4  The  aperture  sounding5  has  a  higher  stability  and, 
perhaps,  a  faster  performance.  At  the  same  time  decrease  of  the  efficiency  of  this 
algorithm  (and  others  based  on  the  gradient  method)  is  observed  if  local  extrema  are 
present  in  the  space  of  the  beam  control  coordinates.1  So  up  to  now  this  problem 
has  been  investigated  less  thoroughly  than  it  is  needed. 


2  Numerical  model  and  the  software  version  of  the  model 


Beam  propagation  was  considered  in  the  approximation  of  stationary  wind 
refraction  for  the  case  of  a  homogeneous  medium.  Under  such  conditions  the 
complex  amplitude  of  a  field,  E,  can  be  described  by  the  following  system  of 
equations2: 


2ik~=A±E  +  2——TE, 

dz  «0  ST 


(Vv)r  = 


a 


Po  CP 


(1) 


(2) 


where  k  is  the  wave  number,  n0  is  the  undisturbed  magnitude  of  the  refractive  index 
n,  z  is  the  coordinate  axis  along  which  the  beam  propagates,  T  is  the  temperature  of 


284 


285 


a  medium,  V  is  the  wind  velocity  vector,  a  is  the  absorption  coefficient;  notations  of 
other  physical  values  are  of  common  use. 

The  interaction  between  the  beam  and  the  medium  is  characterized  by  the 
dimensionless  parameter 

„  2k  alal 

Ky  — -  — 

«oPo  CpV 

that  is  proportional  to  the  intensity  I  and  to  the  initial  radius  of  the  beam  a0,  and 
depends  on  other  parameters  of  the  medium  and  radiation.  Nonlinear  distortions  in 
the  observation  plane  z  =  z0  can  be  described  using  the  following  criterion: 

=  JJexp(-(x2  +y1)!rl  )/(*,  y,  z° ,  t)dxdy 

In  formula  (3)  ra  is  the  radius  of  the  receiving  aperture  and  P  is  the  total  power  of 
the  beam. 

We  have  considered  the  correction  for  nonlinear  distortions  based  on  two 
algorithms.  The  aperture  sounding  algorithm1  according  to  which  the  change  of 
adaptive  corrector  control  coordinates  F=  {F\,F2, ... ,  Fp}  is  performed  according 
to  the  following  formula: 


F(t)  =  F  (t  -  -cd)  +  p(t  -  xd)  grad  J(t  -  xd),  (4) 


and  a  modified  aperture  sounding  algorithm6 


F/(0  =  F,(t  -  xd\ +  P(t  -  xd  )sign 


F}(f-xrf), 


(5) 


where  F,  is  the  ith  component  of  the  vector  of  control  coordinates,  P(f-xd)  is  the 
coefficient  whose  value  decreases  at  the  iterations  that  had  led  to  a  decrease  in  the 
control  efficiency  function  (in  our  problems  it  is  the  criterion  J(t),  formula  (3)),  sign 
is  the  function  of  taking  a  sign.  The  algorithms  (4)  and  (5)  are  differ  by  that, 
according  to  expression  (4),  in  the  process  of  test  variations  the  value  and  direction 
of  the  iteration  step  are  determined,  while  according  to  the  algorithm  (5)  only  the 
motion  direction  (direction  to  an  extremum)  is  sought,  and  the  step  value  is 
completely  specified  by  the  coefficient  P(/-xd).  The  program  that  realizes  the 
calculation  scheme  is  developed  using  the  methods  of  object-oriented  programming 
(programming  language  C++).  All  data  characterizing  the  variant  of  the  calculation 
chosen  are  displayed  on  the  main  panel  (Fig.  1).  During  the  calculations  the  basic 
parameters  of  a  beam  in  the  observation  plane  are  being  displayed  on  the  panel 
either.  Those  are  the  field  distribution,  criterion  J,  maximum  intensity,  energy  radii 
of  the  beam  along  the  axes  that  are  perpendicular  to  the  propagation  direction.  The 
input  parameters  and  the  control  algorithm  are  specified  by  the  interface  panels  that 
are  accessible  through  the  program  menu. 
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3  Accuracy  of  detecting  the  principal  maximum  against  the  background 
of  local  extrema 

The  aperture  sounding  algorithm  (and  its  modification)  can  be  considered 
as  a  gradient  method  of  seeking  of  the  efficiency  function  extremum.  The  extremum 
is  being  sought  in  the  space  of  control  coordinates  F,.  Therefore,  to  reveal  the 
algorithm  peculiarities,  in  order  to  simplify  the  problem,  it  is  possible  to  consider 
the  procedure  of  seeking  the  global  extremum  against  a  relatively  simple  analytical 
function  that  has  local  maxima.  The  basic  relationships  obtained  from  simplified 
analysis  can  also  be  correct  for  more  complicated  problems  of  the  adaptive  optics. 

We  have  considered  a  function  of  one  variable  which  has  a  global 
maximum  and  two  local  ones  disposed  symmetrically  relative  to  its  global 
maximum.  Regardless  of  local  extrema  present  the  algorithm  could,  in  certain  cases, 
identify  the  main  peak.  The  relative  width  and  height  of  the  local  extrema 
(normalized  to  the  corresponding  parameters  of  the  global  extremum)  have  been 
varied.  That  allowed  us  to  determine  the  boundary  of  the  domain  where  the 
algorithm  always  isolates  the  global  maximum.  For  the  algorithm  (4)  the  results  are 
presented  in  Fig.  2a.  The  region  of  the  parameters,  for  which  a  global  maximum  is 
determined,  is  above  the  curve.  As  to  the  algorithm  (5)  the  corresponding  data  are 
presented  in  Fig.  2b.  In  the  algorithm  considered  the  step  value  is  determined  as 
P  •  sign(AJ/AF,),  i.e.,  it  does  not  depend  on  the  value  of  the  derivative.  On  the  whole 
a  conclusion  can  be  drawn,  in  a  one-dimensional  case,  that  a  choice  of  the  algorithm 
is  determined  by  the  characteristics  of  the  function  under  study  (by  the  shape  of 
local  extrema). 

For  the  sake  of  clarity  in  describing  the  “hill”  and  peculiarities  of  seeking 
the  maximum,  let  us  consider  the  control,  in  the  problem  of  compensation  for 
nonlinear  distortions,  to  be  performed  in  the  space  of  two  coordinates  (slope  and 
focusing).  In  this  case  the  “hill”  of  the  efficiency  function  is  a  distribution  of  the 
criterion  J  (formula  (3)),  each  value  of  which  corresponds  to  fixed  values  of  the 
slope  and  focusing. 

When  the  extension  of  a  nonlinear  layer  (Zn\  =  0.25  Z<j)  increases  a 
secondary  maximum  appears  in  the  space  of  control  coordinates.  The  height  of  this 
maximum  is  approximately  one  sixth  of  the  principal  maximum  height.  That  means 
that  if  the  system  stops  at  a  local  extremum,  then  the  control  efficiency  will  strongly 
decrease.  With  further  increase  of  nonlinearity  (modulus  of  the  parameter  Rv )  there 
are  two  extrema  in  the  criterion  distribution  (Fig.  3),  with  the  height  difference 
between  these  extrema  being  about  30%.  The  intensity  distributions  over  the  beam 
cross  sections  which  correspond  to  the  points  of  maxima  and  the  intensity 
distribution  in  the  control  beginning  (i.e.,  for  zero  values  of  the  slope  and  focusing) 
are  presented  in  the  same  figure.  The  local  maximum  corresponds  to  the  situation 
when  the  intensity  distribution  has  two  extrema  of  practically  equal  heights. 
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At  the  global  extremum  the  distribution  of  light  field  is  Gaussian  and  the 
value  of  maximum  intensity  is  close  to  the  diffraction-limited  one.  Use  of  the 
algorithms  (4)  and  (5)  with  the  above  chosen  parameters  yields  the  following  results: 
the  compensation  for  distortions  stops  at  a  local  extremum  (motion  trajectories  are 
shown  in  Fig.  3a).  Further  increase  of  focusing  does  not  lead  to  the  growth  of  the 
criterion  J  (overfocusing),  increase  of  the  slope  (and  thus  approaching  to  the  global 
extremum)  is  also  impossible  because  of  the  peculiarities  of  the  algorithms  (4)  and 
(5).  An  increase  of  the  gradient  step  P  does  not  allow  one  to  approach  to  global 
maximum  either. 

A  sufficiently  simple  method  of  “smoothing  the  hill”  when  local  maxima 
disappear  is  to  increase  the  receiving  aperture  radius  ra.  The  “hill”  calculated  for  the 
same  parameters  used  in  the  example  considered  above,  but  for  ra=a0  is  presented  in 
Fig.  4.  One  can  see  from  this  figure  that  only  one  maximum  with  coordinates 
corresponding  approximately  to  the  coordinates  of  local  extremum  in  Fig.  5 a  is 
observed  in  this  case. 

Thus,  we  can  draw  a  conclusion  that  one  of  the  possible  methods  to  solve 
the  problem  of  local  maxima  influence  is  to  increase  the  receiver  aperture.  In  this 
case  the  coordinates  of  an  extremum  are  found  a  little  bit  less  accurately  than  in  the 
case  of  small  receiving  areas.  But,  after  an  approximate  determination  of  the 
coordinates  of  a  maximum  a  decrease  of  the  aperture  and  more  accurate  localizing 
of  the  extremum  are  possible. 
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Figure  1.  Interface  of  the  program  developed  for  the  numerical  model  used. 
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Figure  2.  The  boundaries  of  the  region  where  the  determination  of  the  global  maximum  in  the  presence  of 
local  ones  is  possible  (as  found  for  the  function  specified  analytically):  the  algorithm  (4),  above  tire  curve 
the  control  stops  at  the  global  extremum,  below  the  curve  the  control  stops  at  a  local  extremum  (a);  the 
algorithm  (5),  to  the  left  of  the  straight  line  is  the  global  extremum,  to  the  right  of  the  straight  line  is  a 
local  extremum  (b). 
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We  examine  the  fundamental  limitations  of  a  phase-stepping  wavefront  sensor  for  use  with  a 
thermal  source  in  an  adaptive  optics  system.  We  show  that  -  in  principle  -  it  should  be  possible  to 
measure  wavefronts  to  sufficient  accuracy  at  the  required  speed  provided  that  white-light  fringes 
are  used  and  the  aberrations  are  small.  The  errors  caused  by  using  phase-stepping  with  white 
light  fringes  are  determined  and  error-compensation  schemes  suggested. 


1  Introduction 

Hartmann-Shack  sensors  are  often  used  in  adaptive  optics1  but  interferometric 
sensors  have  also  been  applied2.  Shearing  interferometers  -  e.g.  the  cyclic  radial 
shearing  interferometer3  -  are  often  used  because  they  are  self-referenced.  The 
phase  ambiguity  introduced  by  the  co-sinusoidal  fringe  intensity  profile  has  been 
overcome  in  other  applications  by  phase-stepping4  but  the  wavefront  must  be 
measured  very  rapidly  in  adaptive  optics  and  the  light  gathered  per  step  is  small 
thus  reducing  phase  accuracy.  With  a  thermal  source,  the  problem  is  compounded 
by  spatial  coherence  requirements. 

In  this  paper,  we  calculate  the  phase  accuracy  that  might  be  expected  from  a 
phase-stepping  radial  shear  interferometer  operating  with  a  thermal  source  at 
sampling  rates  required  for  adaptive  optics.  The  accuracy  depends  on  source 
temperature  and  detector  noise  but,  for  source  temperatures  -3000K,  we  estimate 
the  phase  accuracy  to  be  <0.5  radian  for  a  64  detector  array  operating  on  white 
light  fringes.  Phase  stepping  using  white  light  fringes  causes  systematic  phase 
errors  but  these  can  be  compensated  if  the  source  spectrum  is  known. 

2  Theory 

Figure  1  shows  our  optical  system.  Wavefronts  from  a  thermal  source 
propagate  through  the  turbulent  medium  and  are  collected  by  a  telescope  which 
feeds  a  cyclic  radial  shearing  interferometer.  The  central  circular  region  of  the 
input  beam  passes  through  a  phase  modulator,  which  enables  the  system  to  be 
phase  stepped.  Phase  measurements  are  made  in  the  annulus  surrounding  this 
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central  core  in  the  output 
beam  using  n2  detectors. 

The  system  makes  phase 
measurements  at  twice  the 
maximum  atmospheric 
fluctuation  frequency. 

Assuming  a  four  step 
algorithm,  the  phase  at 
each  output  pixel  is: 

(j)  =  tan-1  4  _  2  (1) 

-1  *3  _ 

Where  1 4  are 

the  intensities  in  the  four  fringe  images.  We  assume  the  photocurrent  has  the  form: 
/  =  I  +  I g  cos(Z) ,  where  1 A  ,IB  are  constants  for  each  phase  measurement  and 
it  is  then  easy  to  show  that  the  phase  error  is: 
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Where  A/  is  the  noise  at  each  step. 
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The  noise  arises  from  three 
sources:  Shot  noise  on  I A ,  shot 
noise  on  the  detector  dark 
current  ID ,  and  detector  and 
amplifier  noise  which  we 
represent  by  an  equivalent 
noise  current  IN.  The  RMS 
shot  noise  on  current  i  is: 

A i  =  sjlieAf  where  e  is  the 
electronic  charge  and  A f  is  the 
system  bandwidth  which  in  our 
case  is  8  times  the  nominal 
maximum  atmospheric  frequency/,,,  so  the  phase  measurement  error  is  given  by: 

,  ,  2  4fAh+h+h) 

A  (ft  - - -  (3) 
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Figure  2 


It  now  remains  to  determine  IA  ,IB,ID  and  IN 
In  Figure  1,  we  assume  that  the  beamsplitter  has  equal  intensity  transmission 
and  reflection  coefficients  of  value  R,  and  the  lateral  magnification  of  the  radial 
shearing  telescope  is  M.  If  the  total  optical  power  entering  the  interferometer  is 
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Pin,  then  the  output  beam  powers  are  M2 PinER2  and  PinER2  /  M2 ,  where 
E  is  the  optical  system  efficiency.  For  a  black  body  source,  geometry  gives  P  to 


p„=^SpWM 


where  s  is  the  size  of  the  source  image,  F  is  the  F/No.  of  the  collimating  lens, 
and  P(l)  is  the  Planck  radiation  law. 

If  the  interferometer  were  operating  in  monochromatic  light,  the 
interferometer  equation:  lout  =  Iy  +  /2  +  2*J I J2  cos(0)  would  hold.  However, 

our  interferometer  operates  in  white  light,  and  temporal  coherence  reduces  fringe 
contrast  at  large  path  differences.  We  therefore  write  the  interferometer  equation 

as:  lout  —  /j  +  I2  +  2^j IlI2y(x)cos(<p)  where  y  (x)  is  the  coherence 

envelope  and  X  is  path  difference5.  Note  that  spatial  coherence  effects  with  radial 
shear  reduce  fringe  contrast  at  the  field  edges.  However,  we  initially  assume  that 
the  interferometer  is  at  zero  path  difference  and  consider  a  point  at  field  centre  so 
the  interfering  beams  are  fully  coherent.  With  n2  detectors,  the  constant  part  of 
each  detector  current  is: 


/,  =  m2+- 


ER 2  n  s 


2  P{A)S (A)dA  (5)  and  the  varying  part  is: 


2 ER1  n  s 1  r 

1 B  =  ~22~pE J  P{A)S(A)dA  (6) 

where  5 (/l)  is  the  detector  characteristic  in  AAV. 

The  allowable  source  image  size,  j,  is  set  by  coherence.  We  limit  5  so  the 
spatial  coherence  between  centre  and  edge  at  the  input  exceeds  some  value  (>0.5). 
Assuming  a  square  source  and  using  the  Citterte  Van  Zernike  theorem,  we  write: 

r  2n  S  \ 

’"sincu^J-05  (7) 

Where:  }  (x)  is  the  degree  of  coherence  between  centre  and  edge-of-field 
Am  is  the  mean  operating  wavelength 
s  7.61 

Solving  this,  we  find  that:  —  <  — -  and  substituting  into  (6)  and  (7)  we  find: 

F  2  7l 


r  f  2  1  ER2  57.761 2  r 

^  i  M +i^  — 
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(9) 


We  note  that  as  we  move  out  from  the  centre  of  the  field,  spatial  coherence 
effects  from  the  finite  source  size  cause  the  fringe  contrast  to  decrease.  As  the  path 
difference  increases  (large  aberrations),  temporal  coherence  causes  further 
reduction  in  fringe  contrast  depending  on  the  source  spectrum.  Both  effects  must 
be  taken  into  account  (see  calculation  results  below). 

The  dark  current  ID  in  Equ.3  is  given  by  the  manufacturer.  We  now  find  the 

equivalent  noise  current  IN  from  the  detector  amplifier  first  stage.  Assuming  a 
current-to-voltage  converter  (Figure  2),  the  total  RMS  input  noise  current  is: 


i,  =  /^A/  +  /„2A/1  +  /n2 J(A/  -  A/,) 

V  Rf 


(10) 


where  k  is  Bolzmanns  constant,  T  is  the  absolute  temperature  of  the  input 
amplifier,  A/  (=  8 fa  )  is  the  system  bandwidth,  and  7nl ,  In2  are  OP-Amp  input 
noise  currents  per  VHz  up  to  and  above  Afh 

We  find  the  equivalent  noise  current  IN  by  equating  to  an  equivalent  shot  noise: 


V2VA 7  =  +  ijy,  + 1.1  fa  -  Ati) 

Solving  and  substituting  for  A/  we  find: 
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(12) 


y  «/.  8/a 

In  the  calculations  below,  we  found  that  the  contribution  of  the  third  term  in 
this  expression  (high  frequency  OP-Amp  equivalent  input  noise  current)  always 
dominated  the  first  two  terms,  and  was  also  much  greater  than  shot  noise. 


3  Calculation  results  -  potential  phase  measurement  accuracy 

We  can  now  estimate  the  phase  accuracy  as  a  function  of  source  temperature. 
IN  is  calculated  from  Equ.  12,  ID  is  estimated  from  photodiode  data,  and  IA  ,IB 
are  calculated  from  Equs.  8  and  9  respectively.  In  our  calculations  we  assumed: 

T  -20007:- 4000 K,  R  =  0.3,  M  =  2.5,  fa  =  200tfz,  n  =  8 ,  E  =  1, 

F  =  3,Rf=  100 kQ,Inl  =  0.8pA/VHz  to  A ft  =  10 Hz , 
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In2  —  0.2pA  /  VHz  above  10 Hz 
(OP07  Op-Amp),  and  1D  =  10nA. 

Figure  3  shows  the  estimated  phase 
error  at  the  field  centre  (zero  path 
difference,  full  coherence)  as  a  function 
of  source  temperature.  It  is  interesting  to 
note  that  an  error  of  <0.1  radian 
(-0.0162)  can  be  achieved  at  a  source 
temperature  of  3000K  -  possible  with 
incandescent  lamps.  Further  out  in  the 
field,  the  coherence  falls  and  the  phase  error  increases  (Figure  4,  phase  error  vs. 
position  for  a  source  temperature  of  2700K).  Even  at  the  field  edge  (coherence  is 
0.5  here)  the  error  is  less  than  0.25  radian. 

These  figures  are  surprising  given  that  the  allowable  source  image  size  is  only 
3pm  for  the  required  coherence,  and  the  system  is  making  400  phase  calculations 
per  second.  We  believe  they  are  a  reasonable  estimate  of  limiting  performance. 


Figure  3 


4  White  light  fringes 

Phase  stepping  using  white  light 
fringes  gives  some  interesting  problems. 

White  light  phase  stepping  attempts  to 
measure  the  fringe  phase  underneath 
white  light  coherence  envelope5.  Fringe 
contrast  falls  with  increasing  path 
difference  and  noise  effects  increase, 
causing  larger  phase  errors.  This  is 
shown  in  Figure  5,  where  the  error  increases  to  ~n  radians  at  6pm  path  difference 
with  source  temperature  =2700K.  The  system  is  best  suited  for  correcting  small 
aberrations.  The  varying  coherence  envelope  also  causes  effective  variation  of  lB 
during  stepping,  and  therefore  an  additional  error.  In  our  case  this  is  small  (<0.6 
rad)  and  can  be  reduced  further  by  stepping  geometric  phase  in  the  interferometer6. 

Finally,  a  systematic  error  arises  from  variation  of  effective  fringe  frequency 
with  path  difference.  This  only  occurs  when  the  source  spectrum  in  wavenumber 
space  is  asymmetric  (the  case  for  nearly  all  broadband  sources).  Figure  6  shows  the 
variation  of  measured  phase  with  interferometer  path  difference  in  our  system,  and 
the  error  becomes  larger  than  a  wavelength  at  modest  path  differences.  However, 
in  a  cyclic  radial  shearing  interferometer  the  path  difference  is  zero  at  the  centre  of 


Figure  4 
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the  field,  and  so  a  systematic  correction 
can  be  applied  working  out  from  the  centre 
of  the  field. 

5  Conclusion 

Surprisingly,  it  seems  that  phase 
stepping  may  be  a  viable  technique  for 
wavefront  sensing  in  certain  adaptive 
optics  applications.  It  is  clear  that  white- 
light  phase-stepping  must  be  used  to  achieve  sufficient  phase  measurement 
accuracy  if  the  source  is  thermal, 
but  this  should  be  possible  with  a 
cyclic  radial  shearing 
interferometer.  The  main 
limitations  are  set  by  spatial  and 
temporal  coherence  effects,  but 
calculations  indicate  that 
achievable  phase  measurement 
accuracy  is  still  acceptable. 

Typical  phase  errors  of  order  0.6 
rad  should  be  achievable  with 
source  temperatures  of  3000K  or 
greater  with  an  8  x  8  detector  array  and  system  bandwidth  up  to  200Hz. 

The  use  of  white  light  phase  stepping  causes  systematic  errors  in  the  phase 
measurement  characteristic,  which  depend  on  the  source  spectrum.  If  a  radial 
shearing  interferometer  is  used,  these  errors  can  be  compensated  by  working  out 
from  the  zero  path  difference  position  at  the  centre  of  the  fringe  field. 

The  authors  are  grateful  to  the  Marsden  Fund  of  New  Zealand  for  support 
during  this  work. 
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We  describe  a  simple  technique  for  imaging  multiple  layers  within  an  object  field 
simultaneously  onto  a  single  camera.  The  approach  uses  a  binary  diffraction  grating  in  which 
the  lines  are  distorted  such  that  a  different  level  of  defocus  is  associated  with  each  diffraction 
order.  The  design  of  the  gratings  is  discussed  and  their  ability  to  image  multiple  object  planes 
is  validated  experimentally.  The  grating  provides  a  simple  and  robust  method  of  obtaining  the 
multiple  images  required  in  a  phase  diversity  wavefront  sensing  system.  Incorporation  of  a 
grating  into  such  a  system  is  described. 


1  Introduction 

The  imaging  of  multiple  layers  within  an  object  field  is  useful  in  many  applications 
including  microscopy,  medical  imaging  and  data  storage.  The  most  common 
approach  to  recording  such  information  is  to  re-focus  physically  the  imaging  system 
by  moving  a  lens  or  the  camera  to  generate  a  through-focal-series.  However,  in 
applications  where  the  object  or  imaging  conditions  are  rapidly  changing  a  method 
for  simultaneously  capturing  images  from  each  layer  is  needed.  One  way  of 
achieving  this,  whilst  maintaining  the  full  resolution  and  depth  of  field  of  the  optics, 
is  to  use  beamsplitters,  however  this  leads  to  complex  optical  systems  and  the  need 
for  multiple  and  synchronised  cameras.  The  use  of  a  simple  diffraction  grating  to 
divide  the  beam  can  simplify  the  optics,  but  multiple  cameras  are  again  needed  to 
image  the  multiple  layers  in  a  snapshot. 

This  paper  describes  a  technique  in  which  the  grating  structure  is  distorted  to 
allow  its  continued  use  as  beamsplitter,  whilst  modifying  its  function  to  produce 
simultaneous  images  of  multiple  object  planes  on  a  single  image  plane  camera.  This 
leads  to  simple  optics,  reduced  cost  through  the  use  of  fewer  cameras  and  automatic 
synchronisation  of  the  multiple  images. 


2  The  Principle 

Local  displacements  of  the  lines  in  a  diffraction  grating  can  be  used  to  introduce 
arbitrary  phase  shifts  into  the  wavefronts  diffracted  into  the  non-zero  orders.  The 
basic  principle  (the  ‘detour  phase  effect’)  has  been  used  to  encode  diffractive  optics 
elements  and  computer  generated  holograms  [1,2]  and  for  phase  calibration  of  an 
aperture  synthesis  array  [3]. 
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The  local  phase  shift,  ^(xj),  in  light  diffracted  into  the  mth  order  is  dependent 
on  the  amount  of  local  grating  shift  through, 


<Mx>y) 


2jtmAx(x,y) 

d 


(1) 


where  d  is  the  grating  period  and  Ax  is  the  displacement  of  the  grating  strips  along 
the  x-axis  relative  to  their  undistorted  position  (Figure  lb).  All  orders  other  than  the 
zeroth  undergo  a  phase  shift  which  is  linearly  dependent  on  the  grating 
displacement,  and  the  phase  shift  is  of  equal  magnitude  but  opposite  sign  in  the 
positive  and  negative  orders  of  the  same  coefficient. 


Figure  1  :  a)  Undistorted  grating,  (b)Grating  displacement  by  A*,  (c)  Grating  distorted  according  to 
equation  2  with  R=20d  and  W2o=3  X 

Our  interest  is  in  generating  different  levels  of  defocus  in  the  wavefronts 
diffracted  into  each  order.  In  the  paraxial  case,  defocus  is  characterised  by  a  phase 
shift,  relative  to  the  in-focus  system,  which  varies  as  the  square  of  the  distance  from 
the  optical  axis.  A  diffractive  element  combining  the  dual  role  of  beamsplitter  and 
defocus  is  achieved  by  encoding  this  quadratic  phase  shift  into  a  grating  by 
distorting  its  structure  according  to, 

Ax(x,y)  =  -^I(x2+y2)  (2) 

where  X  is  the  optical  wavelength,  x  and  y  are  Cartesian  co-ordinates  with  an  origin 
on  the  optical  axis  and  R  is  the  radius  of  the  grating  aperture.  The  parameter  W20, 
used  here  to  define  the  defocusing  power  of  the  gratings,  is  the  standard  coefficient 
of  defocus  equivalent  to  the  extra  pathlength  introduced  at  the  edge  of  the  aperture, 
in  this  case  for  the  wavefront  diffracted  into  the  +1  order.  Gratings  distorted 
according  to  equation  2  consist  of  lines  which  are  the  arcs  of  circles  (Figure  lc). 
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3  The  Use  of  Distorted  Gratings  in  Imaging  Systems 

The  grating  shown  in  Figure  lc  has  optical  power  in  the  non-zero  orders.  In  practice 
it  is  convenient  to  use  such  gratings  in  close  proximity  to  a  lens,  with  die  lens 
providing  the  majority  of  the  focussing  power  and  the  grating  effectively  modifying 
the  focal  length  of  the  lens.  When  such  a  grating  is  placed  in  contact  with  a  lens  of 
focal  length  f,  the  focal  length  of  the  combination  in  each  diffraction  order  is  given 

by, 


fR" 


o 

R2  +  2f  mW- 


20 


(3) 


This  multi-focal  effect  enables  the  imaging  of  multiple  object  planes  into  a  single 
image  plane,  as  illustrated  in  Figure  2.  In  this  simple  one  lens  system  each  image 
will  have  a  slightly  different  magnification. 

Lens& 

quadratically 


5z,  8z+1 


Figure  2  :  Imaging  of  multiple  object  planes  simultaneously  unto  a  single  image  plane  using  a 
quadratically  distorted  diffraction  grating. 


The  object  plane  spacings  (8z„,)  can  be  controlled  by  changing  the  grating  power 
(W2o)  according  to, 


2_  2  m  z  2  W20 

°zm  -  -  » 

R  +  2  m  z  W  20 


(4) 


where  z  is  the  distance  from  the  central  object  plane  to  the  primary  principle  plane 
of  the  optical  system. 

This  distorted  grating  approach  has  the  advantages  that  the  full  resolution  and 
depth  of  focus  of  the  optical  system  (without  the  grating)  is  maintained  when  the 
grating  is  added  and  that  images  of  multiple  planes  can  be  measured  on  a  single 
camera  in  a  snapshot  using  a  simple  optical  arrangement. 


4  Experimental  Verification 


The  simultaneous  imaging  of  three  object  planes  was  demonstrated  experimentally 
using  the  system  shown  schematically  in  Figure  2,  with  an  object  consisting  of 
masks  of  the  letters  A  B  and  C  located  along  the  optical  axis  and  spaced  by 
~4.8mm.  A  simple  distorted  binary  amplitude  grating  was  fabricated  by  laser 
printing  the  grating  structure  onto  a  piece  of  A4  paper  and  photographically 
reducing  it  onto  a  35mm  transparent  slide.  The  grating  (W2o=10X,  R=lcm, 
d= 100pm)  was  in  contact  with  a  lens  of  focal  length  12cm.  The  objects  were 
illuminated  from  behind  using  a  white  light  source  and  a  filter  with  a  lOnm  wide 
bandpass  centred  at  650nm  was  placed  in  front  of  the  CCD  camera.  The 
experimental  results  (Figure  3)  show  that  the  letter  A  is  imaged  into  the  —1  order,  B 
is  imaged  into  the  zero  order  and  C  is  imaged  into  the  +1  order.  This  simple 
demonstration  illustrates  the  power  of  the  technique  described  in  this  paper. 


Figure  3  :  Experimental  image  of  3  objects  at  different  ranges.  The  images  have  been  normalised  by 
adjusting  the  grey  level  scaling  in  each  diffraction  order  to  equalise  their  peak  intensities.  The  raw 
intensity  in  the  three  orders  could  be  adjusted  by  using  a  phase  rather  than  amplitude  grating. 


5  Application  to  Wavefront  Sensing 

Knowledge  of  the  phase  aberrations  introduced  by  the  atmosphere  allows  their 
correction  using  adaptive  optics,  whereby  the  conjugate  of  the  measured  wavefront 
is  applied  as  a  correction.  We  are  interested  in  a  wavefront  sensing  technique  called 
phase  diversity  [4]  which  can  be  used  with  extended  objects  or  scenes.  The 
technique  requires  the  collection  of  two  or  more  images  of  the  intensity  distribution 
in  two  spatially  separated  planes  in  the  vicinity  of  the  entrance  pupil  of  the 
instrument. 

The  two  images  used  for  phase  diversity  must  be  measured  within  a  timescale 
in  which  the  atmosphere  is  effectively  stationary,  hence  a  system  that  can  image  the 
two  planes  simultaneously  is  desirable.  The  technique  described  in  the  previous 
sections  is  therefore  ideally  suited  to  this  application. 

For  phase  diversity  wavefront  sensing  using  our  28cm  diameter  telescope  the 
plane  separation  needs  to  be  increased  to  the  order  of  several  hundred  metres.  This 
increase  in  plane  separation  leads  to  significant  differences  in  magnification 
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between  images,  which  can  be  overcome  only  by  using  an  impractically  long  optical 
system.  The  optical  system  has  therefore  been  modified  and  the  distorted  grating 
used  in  a  different  configuration,  as  shown  in  Figure  4. 


The  camera  is  placed  one  focal  length  away  from  the  lens,  so  as  to  record  an 
image  of  an  object  at  infinity.  Addition  of  the  defocus  grating  effectively  decreases 
the  focal  length  of  the  lens  in  the  +1  diffraction  order  and  increases  its  focal  length 
in  the  -1  order.  The  object  planes  imaged  into  each  non-zero  diffraction  order  have 
locations  (5z,„)  and  magnifications  (Mm)  given  by. 


8zm 


R2 

2  m  W20  ’ 


Mm  = 


2mf  W20 
R2 


(5) 


This  system  therefore  has  the  advantage  that  the  images  corresponding  to  the  +1  and 
-1  diffraction  orders  correspond  to  object  planes  equal  distances  either  side  of  the 
lens,  and  that  the  images  have  magnifications  of  equal  magnitude  (but  opposite 
sign).  In  addition,  the  zero  order  can  provide  a  direct  image  of  the  scene. 

Such  a  system  is  currently  being  set  up  for  the  measurement  of  atmospheric 
turbulence  over  horizontal  paths  using  a  chrome-on-glass  grating  with  W2o=60A,  and 
d=50pm.  In  this  case,  the  grating/lens  combination  of  Figure  4  is  placed  in  a  re¬ 
imaged  telescope  pupil  plane  and  the  +1  and  —1  orders  image  planes  approximately 
+/-  400m  either  side  of  the  telescope  pupil. 

The  ability  of  the  system  shown  in  Figure  4  to  provide  data  suitable  for  the 
phase  diversity  algorithm  has  been  tested  in  the  laboratory  by  applying  a  variable 
amount  of  defocus  to  nominally  collimated  laser  beam.  A  1.5cm  diameter  laser 
beam  was  incident  on  a  grating  with  W20=60A.,  R=7.5mm  and  d=30pm,  adjacent  to 
a  10cm  focal  length  lens.  With  the  laser  beam  accurately  collimated  the  image  in 
Figure  5b  was  recorded.  This  shows  a  focussed  spot  in  the  zero  order  and  equal  size 
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images  of  planes  74cm  either  side  of  the  grating/lens.  When  a  focus  error  is  applied 
to  the  laser  beam  (or  the  camera  is  moved  along  the  optical  axis),  the  images  in  the 
non-zero  orders  change  size  in  opposition,  but  do  not  change  shape  -  as  expected 
for  pure  defocus.  The  phase  diversity  calculation  involves  extracting  and  subtracting 
the  +1  and  -1  images,  and  multiplying  the  result  by  a  pre-calculated  matrix  to 
generate  the  wavefront  shape.  The  experiments  have  shown  that  defocus  can  be 
accurately  measured  in  this  way,  and  the  ability  to  measure  other  aberrations  has 
been  demonstrated  in  simulations. 


Figure  5  :  Experimental  images  taken  through  the  grating  system  of  Figure  4  using  a  HeNe  laser  as  teh 
source.  Image  (b)  corresponds  to  a  collimated  input  beam.  Images  (a)  and  (c)  correspond  to  applied 
defocus  of  opposite  sign. 
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Adaptive  Systems 


A  LOW  COST  ADAPTIVE  OPTICAL  SYSTEM 
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A  low  cost  adaptive  optics  system  with  an  open  loop  frame  of  several  hundreds  of 
frames  per  second,  using  a  single  processor  is  described.  It  is  constructed  almost 
entirely  of  commercially  available  components.  The  construction  of  the  system,  its 
control  and  performance  are  discussed. 


1  Introduction 

Until  recently,  all  adaptive  optics  (AO)  systems  with  reasonable  spatial  and 
temporal  bandwidths  (>  few  Hz  and  10-100  spatial  order  correction)  have 
been  extremely  expensive  with  component  costs  in  excess  of  £105,  and  have 
consequently  been  limited  to  military  and  astronomical  applications.  If  ad¬ 
aptive  optics  is  to  find  applications  in  industry  and  medicine,  the  cost  of  the 
systems  must  be  reduced  by  orders  of  magnitude.  This  can  be  achieved  by 
using  commercially  available  components. 

2  Description  of  the  system 

Figure  1  shows  a  schematic  of  the  system.  The  tip-tilt  mirror,  membrane 
mirror  and  Shack-Hartmann  lenslet  array  all  lie  in  planes  conjugate  to  the 
input  pupil.  However,  since  these  components  are  potentially  all  of  different 
working  diameters,  4/  relay  optics  have  been  used  to  re-image  the  optical 
pupil.  Although  the  beamsplitter  near  the  entrance  pupil  adds  to  the  com¬ 
plexity  of  the  system  and  significantly  reduces  its  light  efficiency,  it  also  adds 
flexibility.  It  is  a  simple  matter  to  substitute  different  deformable  mirrors  just 
by  replacing  the  mirror  and  one  of  the  lenses  in  the  relay  arm. 

The  tip-tilt  mirror  (Physik  Instrumente  Model  E610.00),  for  the  purpose 
of  the  experiments  described  in  this  paper,  was  switched  off  and  acted  as  a 
passive  beam-steering  mirror.  Thus  all  correction  was  in  fact  carried  out  by 
the  electrostatic  membrane  mirror.  This  was  supplied  by  Delft  TU  (com¬ 
mercially  available)  and  has  a  circular  membrane  of  diameter  15  mm  with 
37  close-packed  hexagonal  electrodes.  Conjugate  to  these  two  mirrors  is  the 
Shack-Hartmann  lenslet  array  (CSEM  Zurich)  of  the  wavefront  sensor,  which 
consists  of  0.2  mm  square  lenslets  of  focal  length  25  mm.  The  detector  cam- 
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Figure  1.  System  setup 


era  is  a  high  speed  CCD  (DALSA  CA-D1-0128A)  with  128x128  16  pm  square 
pixels,  which  has  a  maximum  frame  rate  of  about  800  Hz.  The  reference 
path  provides  a  near  diffraction  limited  plane  wave  to  calibrate  the  zero-offset 
positions  of  the  Shack-Hartmann  spots  on  the  CCD  camera. 

The  wavefront  sensor  data  from  the  CCD  camera  are  collected  by  a  Bitflow 
RoadRunner  framegrabber  and  transferred  to  the  C80  digital  signal  processor 
board,  which  processes  them  to  produce  the  required  actuator  signals  to  be 
applied  to  the  deformable  mirror(s),  which  are  converted  to  voltages  by  a 
40-channel  D/A  and  low-current  analogue  amplifier  system  (Thomson-CSF). 
The  output  is  recorded  by  video  or  the  science  camera  (Starlight  Xpress  SX). 

3  Spatial  control  of  the  membrane  mirror 

The  ability  of  the  AO  system  to  correct  a  given  static  aberration  is  limited 
primarily  by  the  deformable  mirror.  The  membrane  mirror  is  a  modal  device 
and  the  deformations  are  by  no  means  orthogonal.  A  principle  components 
analysis  (singular  value  decomposition1)  of  the  mirror’s  influence  function 
gives  quantitative  information  about  its  ability  to  correct  static  aberrations. 

For  a  given  set  of  actuator  signals,  represented  by  the  vector  xm,  the 
effect  of  the  resulting  mirror  deformation  on  the  reflected  wavefront  is  given 
by 


</,m  —  AmXm  (1) 

where  Am  is  the  matrix  representing  the  influence  functions  of  the  mirror  2 . 
Conversely,  the  actuator  signals  which  produce  a  least-squares  best  fit  to  a 
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Figure  2.  The  orthogonal  modes  of  the  membrane  mirror 


required  wavefront  change  <f>0  is  given  by 

xo  =  A"  Vo  (2) 

where  A”1  =  VS“’UT  is  the  pseudo-inverse  of  Am  =  USVT.  The  columns 
of  matrices  U  and  V  make  up  orthonormal  sets  of  the  possible  mirror  de¬ 
formations  and  actuator  signals  respectively,  which  can  be  thought  of  as  the 
spatial  ‘modes’  of  the  mirror.  The  diagonals  of  S  are  the  singular  values  and 
represent  the  ‘gains’  of  the  different  modes,  i.e.,  how  much  of  each  deforma¬ 
tion  mode  results  from  unit  of  its  corresponding  actuator  signal  mode.  These 
singular  values,  and  in  particular  the  range  of  values  (the  condition),  give  a 
measure  of  the  controllability  of  the  mirror:  the  larger  the  singular  value  the 
easier  it  is  to  produce  that  deformation  mode. 

Fig.  2  shows  plots  of  the  singular  values  for  two  different  optical  pupil 
sizes  D  and  those  modes  corresponding  to  the  largest  (mode  1)  and  smallest 
(mode  37)  singular  values  for  D  =  Dm,  where  Dm  is  the  membrane  diameter. 

In  a  real  system  it  is  important  to  limit  the  range  of  these  singular  values, 
which  can  be  done  by  discarding  modes  with  the  smallest  gains.  These  modes 
not  only  swamp  the  control  matrix  resulting  in  large  actuator  signals  which 
have  to  be  clipped,  but  can  also  be  very  sensitive  to  noise  in  the  wavefront 
sensor.  Since  the  membrane  deformation  is  zero  at  its  edge,  it  is  necessary  to 
choose  the  optical  pupil  to  be  smaller  than  the  membrane  in  order  to  correct 
for  aberrations  which  are  non-zero  at  the  pupil  boundary. 


(a)  Strehl  v.  optical  pupil  (b)  Strehl  v.  number  of  spatial  modes 

(for  D  =  0.55 Dm) 


Figure  3.  Mean  Strehl  ( S  —  e-<^  >)  correcting  for  Kolmogorov  turbulence  using  the 
membrane  mirror.  (Monte  Carlo  with  A  =  633  nm,  maximum  actuator  voltage  Kmax  = 
200  V,  maximum  membrane  deflection  was  7.5 //m  with  all  electrodes  set  to  Vmax) 

Monte-Carlo  simulations  have  been  performed  for  phase  aberrations  pro¬ 
duced  by  different  strengths  of  Kolmogorov  atmospheric  turbulence  using 
least-squares  correction  and  clipping  of  the  actuator  signals.  Fig.  3  shows 
the  resulting  mean  Strehl  (using  the  approximation  to  Strehl  S  = 
for  (a)  different  optical  pupil  diameters  and  (b)  different  numbers  of  spatial 
modes.  The  optimum  choice  of  optical  pupil  diameter  is  Dm  0.65  Dm.  Note 
that  as  the  aberrations  become  stronger,  better  correction  can  be  obtained  by 
discarding  more  of  the  spatial  control  modes. 


4  System  control 

The  closed  loop  control  of  the  system  uses  a  simple  integrator  (the  gain  was  set 
to  -0.6  for  the  experimental  results  below).  The  spatial  control  matrix  for  the 
system  was  calculated  online.  Each  mirror  actuator  was  varied  (poked)  in  turn 
and  the  effect  on  the  output  of  the  wavefront  sensor  recorded.  In  this  way,  the 
mirror-sensor  response  matrix  was  built  up.  The  system  control  matrix  was 
calculated  by  least-squares  pseudo-inverting  the  response  matrix  as  described 
above,  discarding  those  modes  necessary  to  reduce  the  condition  factor  of  the 
system.  Although  this  technique  is  is  not  optimal,  it  does  avoid  the  need  for  a 
direct  wavefront  reconstructor,  simplifying  the  system.  The  number  of  modes 
to  discard  was  determined  experimentally  as  described  below. 
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(b)  AO  system  on 


(a)  AO  system  off 


Figure  4.  Point  source  image  through  Kolmogorov  turbulence  (D/ro  =  5,  4sec  exposure) 


5  Performance  of  the  system 

The  dynamic  performance  of  the  system  has  been  investigated  using  a  wave- 
front  generator  based  on  the  use  of  a  ferroelectric  256x256  pixel  spatial  light 
modulator3.  This  was  used  to  generate  different  time- varying  wavefronts  with 
quasi-Kolmogorov  aberrations4  simulating  the  effect  of  a  single  layer  of  ‘frozen’ 
turbulence  travelling  with  an  effective  wind  speed  v.  The  ratio  v/r0,  where  ro 
is  the  Fried  parameter  gives  a  measure  of  the  speed  at  which  the  aberrations 
are  changing.  Long  exposures  recorded  with  the  science  camera  (fig.  4)  were 
used  to  calculate  the  Strehl  ratios  of  the  corrected  and  uncorrected  outputs. 

Figs.  5(a-c)  shows  the  resulting  Strehl  ratios  for  different  strengths  and 
speeds  of  Kolmogorov  turbulence  for  both  the  system  on  and  off.  These  results 
show  that  the  system  is  capable  of  improving  the  Strehl  ratio  at  wind  speeds 
of  up  to  about  v/r0  «  100  Hz  Fig.  5(d)  shows  the  effect  of  discarding  spatial 
modes  from  the  system  control  matrix.  Optimum  performance  in  this  case 
can  be  achieved  by  using  20-25  of  the  available  37  modes. 

6  Conclusions 

A  low-cost,  high-speed,  reasonably  high  spatial  order  AO  system  based  almost 
entirely  on  commercially  available  components  has  been  demonstrated  (total 
cost  UK£20K).  The  dynamic  performance  of  the  system  has  been  tested  using 
Kolmogorov  turbulence  aberrations  (generated  using  an  SLM  wavefront  signal 
generator).  It  has  been  shown  that  discarding  some  of  the  spatial  control 
modes  of  the  system  improves  the  performance  of  the  system.  The  system  is 
flexible  to  enable  different  deformable  mirrors,  wavefront  sensors  and  control 
systems  to  be  investigated.  A  number  of  improvements  are  currently  being 
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(c)  D/t0  =  5  (d)  D/to  =  4,  v/r0  =  50  Hz 


Figure  5.  Experimental  performance  of  the  system  (measured  as  Strehl)  for  Kolmogorov 
turbulence  of  different  strengths  and  wind  speeds 

investigated— specifically  increasing  the  open-loop  frame  rate  of  the  system 
and  trying  more  advanced  spatial  and  temporal  control. 
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We  describe  the  results  of  series  of  experiments  on  the  dynamic  holographic  correction  for 
distortions  in  the  wide  spectral  range  of  visible  light.  The  hologram-corrector  was  recorded  in 
optically  addressed  liquid  crystal  spatial  light  modulator  by  pulsed  radiation  and  was  read  out  in 
the  scheme  of  one-way  image  correction  by  the  incoherent  wide  spectral  band  radiation  of  the 
thermal  source.  The  performance  of  the  system  with  the  holographic  corrector  was  evaluated  in 
standard  optical  terms  of  frequency\contrast  characteristics. 


1  One-way  imaging 


One-way  image  correction  scheme  (see  Fig.  1)  employs  the  method  of  holography 
to  high-quality  imaging  through  some  distorting  media  and  (or)  with  the  use  of 
some  poor-quality  optical  schemes  [1,2].  Such  an  approach,  which  is  also  known  as 
the  method  of  phase  subtraction,  is  based  on  recording  the  hologram  of  distortions 
as  the  pattern  of  interference  of  the  probe  wave,  distorted  by  the  said  medium  or 
system,  with  the  non-distorted  reference  wave.  Illuminated  by  the  same  distorted 
probe  wave,  this  hologram  reconstructs  the  non-distorted  reference  wave.  If  the 
probe  wave  was  emitted  by  some  point  source,  this  reconstructed  reference  wave 
can  be  treated  as  an  image  of  this  point  source,  and  the  said  hologram  represents 
the  phase  corrector  of  distortions.  Such  an  element  can  subtract  not  only  the 
distortions  of  the  image  of  this  point  source,  but  also  the  distortions  of  images  of 
some  other  points  or  objects  in  the  vicinity  of  this  point  source. 


Figure  1.  One-way  holographic  image  correction.  In  the  Figure:  1  —  distorted  optical  system  (lens)  to  be 
corrected,  2  -  eye-piece,  3  -  system  of  image  registration,  4  -  imaged  object  and  source  of  coherent  radiation 
for  hologram  record,  5  -  hologram. 
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Such  a  holographic  corrector  can  be  used  not  only  at  the  wavelength  of  the 
hologram  record  X,  but  also  within  some  finite  spectral  band  (X±AX).  In  this  case, 
however,  there  are  observed  several  kinds  of  chromatic  effects.  The  first  one  is 
caused  by  the  dependence  of  the  angle  of  diffraction  on  the  hologram-corrector 
upon  the  radiation  wavelength.  In  other  words,  the  hologram  expands  the  radiation 
from  the  imaged  object  to  its  spectrum.  This  problem  can  be  easily  solved  by  the 
use  of  the  auxiliary  diffraction  grating,  which  recombines  all  the  spectral 
components  into  a  collinear  beam  [3],  Next,  if  one  uses  the  volume  (thick) 
hologram  as  a  corrector,  there  is  observed  the  well-known  effect  of  spectral 
selectivity  [4]  due  to  the  violation  of  Bragg  conditions.  Thin  (plain)  holograms  are 
free  of  this  effect.  One  more  chromatic  effect  is  as  following.  If  the  hologram  was 
recorded  at  one  wavelength  X  and  reconstructed  at  the  shifted  wavelength  X+AX, 
the  phase  distortions  cp  are  subtracted  not  completely,  but  only  down  to  some 
residual  level,  equal  to  (AX/X)q  of  the  primary  level  of  distortions. 

2  Dynamic  holographic  correction 

The  progress  in  the  field  of  the  dynamic  (real-time)  holography  made  it  possible  to 
realise  the  similar  schematics  of  phase  subtraction  in  a  real  time  regime.  To  this 
moment  were  published  several  experiments  with  the  dynamic  holographic 
correction  of  distortions  in  the  schemes  of  one-way  imaging  with  phase  subtraction 
[5-10]  and  in  the  similar  scheme  of  the  telescopes  with  the  proximal  beacon  [11- 
15].  The  optically  addressed  liquid  crystal  spatial  light  modulators  (OA  LC  SLMs) 
seem  to  be  the  most  appropriate  devices  for  the  record  of  hologram-corrector  [5], 
These  devices  [16]  have  the  sandwich-like  structure,  containing  the  layers  of 
semiconductor  (photoconductor  -  PC)  and  of  liquid  crystal  (LC).  The  PC  layer  is 
exposed  by  some  image;  it  can  be  the  interference  pattern  of  two  waves,  recording 
the  hologram.  The  photoinduced  charge  carriers  modify  the  electric  field  in  the  LC 
layer.  This  modification  results  in  re-orientation  of  the  LC  molecules  and  thus  in 
the  modification  of  optical  properties  of  LC,  and  thus  the  dynamic  hologram  is 
recorded.  Its  diffraction  efficiency  can  be  rather  high  -  close  to  the  theory  limit; 
recently  we  have  shown  the  OA  LCSLM  elements  with  the  diffraction  efficiency  of 
-20-30  %  for  the  non-polarised  radiation  [17]. 

In  the  previous  experiments  [5,6,13]  it  was  shown  that  the  dynamic 
holograms,  recorded  in  OA  LC  SLM,  provide  the  efficient  correction  of  distortions 
in  the  coherent  or  in  the  narrow  band  incoherent  radiation.  We  report  the  first  to 
our  knowledge  experiment  with  the  wide-spectral  band  imaging  in  the  scheme  of 
phase  subtraction  in  dynamic  hologram,  recorded  in  OA  LC  SLM.  The  quality  of 
the  corrected  image  of  the  standard  test  chart  was  evaluated  in  quantitative  terms 
of  dependence  of  the  image  contrast  vs.  spatial  frequency. 
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3  Experimental  results 

Dynamic  holograms  in  our  experiments  were  recorded  in  LC  SLM  elements,  using 
the  polymer  photoconductor  [18].  Diameter  of  holograms  in  these  experiments  was 
equal  15  mm.  S-effect  [19]  was  used  for  the  hologram  record  in  SLM  with  the 
nematic  LC  (NLC),  and  in  the  case  of  ferroelectric  LC  (FLC)  we  have  used  the 
DHF-effect  [20,21].  Holograms  were  recorded  by  pulsed  radiation  [22,23]  of 
second  harmonics  of  Nd:YAP  laser  (0.54  pm).  After  transient  period  the  hologram 
revealed  itself  and  could  be  read  by  incoherent  radiation  from  the  thermal  source. 
The  repetition  rate  of  hologram  renewal  can  be  rather  high  (some  100-1000  Hz), 
but  we  have  evaluated  the  optical  performance  in  a  single-shot  mode  of  action.  The 
diffraction  efficiency  of  the  holograms,  recorded  in  NLC  SLMs,  was  equal  nearly 
30%  for  the  linearly  polarised  radiation.  The  holograms,  recorded  in  FLC  SLM, 
revealed  slightly  smaller  diffraction  efficiency  (some  20-25%),  but  for  both 
polarisations  [17],  so  these  elements  provided  higher  total  efficiency  for 
observations  in  the  non-polarised  radiation  of  the  tungsten  lamp.  From  the  optical 
point  of  view  the  performance  of  both  elements  was  practically  one  and  the  same. 

The  experiment  consisted  of  two  stages.  First  we  have  shown  the  wide-spectral 
band  correction  in  one-way  imaging  scheme.  Dashed  test-object,  positioned  in  the 
infinity,  was  imaged  in  the  light  of  tungsten  lamp  by  the  optical  system,  containing 
the  distorted  primary  lens  (aperture  15  mm,  focal  length  230  mm).  This  lens  was 
distorted  by  the  etched  glass  plate.  In  the  Fig.2a  is  shown  the  interferogram  of  the 
“strongest”  distorter,  diverging  the  beam  up  to  ~  0.006  radian  (FWHM),  i.e.  in  ~ 
70  times  more  than  the  diffraction  limited  divergence.  The  hologram  of  these 
distortions  was  recorded  in  OA  LC  SLM,  mounted  in  the  plain,  to  which  the 
eyepiece  was  imaging  the  distorted  lens.  It  was  recorded  by  the  coherent  radiation 
from  the  point  source  in  the  vicinity  of  the  imaged  object;  the  spatial  carrier  of  this 
hologram  was  equal  95mm1.  Static  holographic  grating  recombined  the  spectral 
components  of  the  image,  which  was  registered  at  CCD-matrix  and  processed.  In 
the  Fig.2b  are  shown  the  dependencies  of  the  image  contrast,  measured  as  K 
={Imax  -  Imin}/  (Imax  +  Imin]  (here  Imax  and  Imin  correspond  to  the  maximal 
and  minimal  exposition  in  the  image)  vs.  the  spatial  frequency  of  dashes  in  the 
object.  In  the  same  Figure  are  shown  the  curves  for  the  diffraction-limited  case  and 
for  our  system  without  distorter  (it  was  slightly  worse  due  to  the  aberrations  and  to 
the  own  distortions  of  the  LC  SLM  element).  When  the  distortions  were 
introduced,  but  not  corrected,  even  the  smallest  spatial  frequencies  of  the  dashed 
test  object  were  not  resolved.  Imaging  was  made  in  green,  red  and  white  light.  One 
can  see  from  this  Figure  that  in  the  green  range  of  spectrum  (bandwidth  -50  nm) 
the  correction  fidelity  was  practically  ideal;  for  the  red  radiation  it  was  deteriorated 
due  to  the  above  mentioned  chromatic  residual  error,  but  yet  was  pretty  good. 
Imaging  in  the  overall  visible  spectrum  has  shown  some  intermediate  results. 
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Figure  2.  (a)  Interferogram  of  the  distorting  plate  (extra  divergence  0.006  rad),  (b)  Frequency\contrast 
characteristics,  measured  for  the  distorting  plate,  shown  in  Fig.2a.  1  -  performance  of  diffraction  limited 
system  [24],  2  —  performance  of  the  real  system  without  distortions,  3,4,5  —  imaging  with  correction  for 
distortions:  3  -  in  green  light  (spectral  bandwidth  50  nm,  centred  at  530  nm),  4  -in  natural  light  of  tungsten 
lamp,  5  -in  red  light  (spectral  bandwidth  50  nm,  centred  at  640  nm) 


Figure  3.  (a)  Interferogram  of  the  deformed  mirror,  recorded  at  X=0.54  pm  (b)  Measured  values  of 
frequencyicontrast  characteristics  of  telescope  with  such  mirror.  Solid  line  -  diffraction  limited  system,  solid 
dots  —  zero  diffraction  order  with  non-distorted  primary;  hollow  circles  —  system  with  “correction”  and  non- 
distorted  primary,  crosses  -  system  with  distorted  primary  and  correction  (bandwidth  50  nm  centred  at  540 
nm),  squares  -  system  with  distorted  primary  and  correction  (bandwidth  75  nm  centred  at  565  nm). 


Figure  4.  Image  of  standard  test-object  without  correction  of  with  the  distorted  primary  (a)  and  with 
correction  (b). 
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Then  similar  experiments  were  carried  out  in  the  scheme  with  proximal 
beacon.  In  this  case  the  dynamic  holographic  correction  was  applied  to  the  poor- 
quality  primary  mirror  of  model  telescope  (diameter  300  mm,  curvature  radius 
2400  mm).  We  have  used  either  the  distorted  solid  mirror  (see  interferogram  in 
Fig.3a)  or  the  segmented  mirror,  whose  segments  had  relative  tilt  and  piston  shift 
of  ~  2-3  pm.  This  telescope  has  imaged  standard  dashed  test-object,  placed  at  the 
distance  of  17  m.  Dynamic  hologram  of  the  primary’s  distortions  was  recorded 
from  its  centre  of  curvature.  The  radiation  from  the  focal  unit  of  the  telescope 
passed  through  this  corrector,  where  phase  subtraction  of  distortions  occurred.  It 
was  analysed  in  the  same  manner  as  on  the  first  stage.  In  the  Fig.3b  is  shown  the 
frequency/contrast  characteristic,  measured  in  this  scheme.  Image  without 
correction  is  shown  in  the  Fig.4a,  and  that  obtained  with  the  correction  in  the 
spectral  band  with  the  width  50  nm  centred  nearby  the  wavelength  of  the  hologram 
record  at  530  nm  is  shown  in  the  Fig.4b.  One  can  see  from  the  in  Fig.3b  (see 
dotted  line),  that  in  this  case  the  performance  of  the  system  with  correction  was 
one  and  the  same  when  the  quality  of  primary  was  ideal  (hollow  circles)  and  when 
it  was  rather  bad  (crosses;  the  distortions  are  shown  in  the  Fig.3a).  It  was  slightly 
beyond  the  diffraction  limit  (solid  line)  due  to  the  own  distortions  of  the  LC  SLM 
substrata  and  due  to  the  use  of  complicated  optics,  combining  the  channels  of 
hologram  record  and  of  the  telescope’s  focal  unit.  For  the  radiation  with  the  wider 
and  shifted  band  (squares)  the  correction  fidelity  was  slightly  deteriorated  due  to 
the  above-mentioned  chromatic  effect. 


4  Conclusions 

We  have  realised  in  the  experiment  the  one-way  imaging  and  the  proximal  beacon 
schemes  with  the  dynamic  correction  of  distortions  in  the  wide  spectral  band,  using 
thin  dynamic  hologram  in  the  optically  addressed  liquid  crystal  spatial  light 
modulator.  The  quality  of  the  image  of  the  standard  test-object  was  evaluated  in 
quantitative  terms  of  the  image  contrast  dependence  upon  the  spatial  frequency.  In 
the  spectral  band  nearby  the  wavelength  of  the  hologram  record  the  fidelity  of 
correction  was  practically  ideal,  and  the  influence  of  the  distortions  was  eliminated 
completely.  For  the  radiation  with  the  significantly  shifted  wavelength  and  for  the 
white  light  the  fidelity  of  correction  was  deteriorated,  but  yet  was  pretty  good. 
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Two-wavelength  holography,  when  the  hologram  is  recorded  at  one  wavelength  and 
reconstructed  at  some  shifted  wavelength,  is  an  efficient  tool  for  many  applications.  Optically 
addressed  liquid  crystal  spatial  light  modulators  are  very  convenient  for  recording  thin  dynamic 
holograms  and,  in  particular,  for  the  purposes  of  the  dynamic  two-wavelength  holography.  On 
such  a  basis  one  can  realise  the  dynamic  interferometer,  providing  the  arbitrary  scaling  of  the 
wave  front  distortions.  Such  an  interferometer  can  be  of  use  for  solution  of  some  of  the  tasks  of 
the  adaptive  optics,  namely,  for  simplification  of  the  procedure  of  measuring  of  the  robust 
wavefront  distortions,  for  recording  of  the  dynamic  holographic  correctors,  working  in  spectral 
ranges,  where  the  direct  holographic  record  is  impossible,  in  particular,  in  mid-IR  range  of 
spectrum,  and  for  extension  of  the  range  of  distortions,  which  can  be  corrected  by  means  of  the 
phase  valve,  mounted  in  the  negative  optical  feedback  loop.  We  report  the  experimental 
realisation  of  such  an  interferometer. 


1  Principles  of  two-wavelength  holography 

Two-wavelength  holography  is  based  on  the  following  well-known  property  of 
hologram.  Let  the  hologram  be  recorded  in  some  medium  as  the  interference 
pattern  of  some  probe  wave  with  the  distortions  cpi(x,y)  and  the  non-distorted 
reference  wave  at  the  wavelength  X{.  Reconstruction  of  such  a  hologram  by  the 
non-distorted  reference  wave  at  the  shifted  wavelength  A.2  will  result  in 
reconstruction  of  the  distorted  probe  wave,  whose  distortions  will  be  reproduced  in 
terms  of  wavelength,  i.e.  in  terms  of  linear  measure  they  will  be  scaled  as 
(p2(x,y)=A2M.i<Pi(x,y).  Similarly,  reconstruction  of  the  hologram  by  the  probe  wave 
at  the  shifted  wavelength  X2,  bearing  the  same  distortions  q>i(x,y)  as  that  of  the 
recording  probe  wave,  will  result  not  in  reconstruction  of  the  non-distorted  wave, 
but  of  the  wave  with  the  residual  (differential  between  cpi(x,y)  and  <p2(x,y)) 
distortions  <p’2(x,y)=(|A.2-Ai|/A.i)<pi(x,y)=kcpi(x,y).  If  |A2-Ai|«A,i,2,  then  k«l.  So  in 
both  cases  there  is  realised  the  scaling  of  the  wavefront  distortions,  and  the 
hologram  serves  as  the  converter  of  the  distortion’s  magnitude.  This  effect,  in 
particular,  is  the  main  reason,  limiting  the  spectral  bandwidth  of  imaging  by  the 

317 


318 


so-called  one-way  imaging  systems  [1,2],  where  the  distortions,  introduced  by 
some  poor  quality  system,  are  subtracted  from  the  image  by  means  of  diffraction  of 
the  distorted  wave  on  the  hologram  of  these  distortions. 

However,  one  can  also  obtain  some  positive  effect  of  this  scaling.  For  example, 
in  the  holographic  interferometery  there  is  widely  used  the  so-called  two- 
wavelength  holographic  interferometery  of  the  large-scale  objects  [3,4],  In  one  and 
the  same  holographic  plate  are  recorded  two  holograms  of  one  and  the  same  object 
at  two  wavelengths.  Thin  (plain)  holograms,  free  of  spectral  and  angular  selectivity 
of  the  thick  (volume,  Bragg’s)  holograms,  are  especially  convenient  for  these 
purposes.  The  spatial  beats  of  these  holograms  (the  moire  pattern)  are  equivalent  to 
the  effective  hologram  of  the  same  object,  recorded  at  the  effective  wavelength 
AefF^i^2/|^rA2|  [5,6],  which  is  many  times  higher  than  the  wavelengths  of  the 
recording  waves.  The  spatial  frequency  of  such  effective  hologram  is  much  smaller 
than  that  of  usual  holograms,  recorded  in  the  visible  range  of  spectrum,  and  thus 
analysis  of  the  pattern  is  much  simpler. 

2  Possible  applications  of  dynamic  holographic  converter 

Recent  progress  in  the  field  of  the  optically  addressed  liquid  crystal  spatial  light 
modulators  (OA  LC  SLM,  [7],  these  elements  comprise  the  sandwich-like 
structure,  consisting  of  photoconductor  layer,  illuminated  by  some  optical  pattern 
and  the  adjacent  layer  of  liquid  crystal,  whose  optical  properties  are  modified  by 
the  charge  carriers,  photogenerated  in  photoconductor),  has  made  available  the 
medium  for  the  fast-response  record  of  the  efficient  thin  dynamic  holograms  [8], 
which  was  efficiently  used  for  the  dynamic  correction  purposes  [9-13].  So  now  one 
has  an  opportunity  to  record  the  two-wavelength  dynamic  holograms  and  to  use 
this  technique  for  various  purposes,  including  various  tasks  of  the  adaptive  optics. 
At  this  moment  we  see  at  least  three  different  areas  of  the  adaptive  optics,  where 
the  use  of  the  dynamic  holographic  converter  of  the  distortions’  scale  can  provide 
the  positive  effect,  namely: 

1.  Measuring  of  the  robust  wavefront  distortions  by  means  of  real-time 
interferometery  [14].  Namely,  if  one  has  to  register  (say,  at  CCD-matrix)  the 
interferogram  of  large  magnitude  (marty  or  many  dozen  wavelengths) 
distortions,  he  has  to  work  with  a  very  fine  interferogram,  i.e.  to  process  a  very 
large  amount  of  information.  Reading  out  of  distortions  at  two  wavelengths, 
and  scaling  them  down  to  the  said  differential  value  makes  it  possible  to  get 
the  required  information  (of  course,  with  the  smaller  accuracy)  from  the  much 
smaller  number  of  CCD  pixels. 

2.  Realisation  of  one-way  imaging  in  mid-IR  range  of  spectrum.  Today  the 
OA  LC  SLM  elements  can  be  addressed  only  by  visible  light,  but  the  dynamic 
holograms  of  such  kind  can  be  read  out  by  the  mid-IR  radiation  [15,16].  So 
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one  can  record  the  hologram-corrector  by  the  probe  beam  of  visible  light  with 
the  differential  (scaled  down)  distortions.  Such  a  hologram  will  be  equivalent 
to  the  effective  hologram,  recorded  by  radiation  with  the  wavelength  A^. 

3.  Dynamic  scaling  of  distortions  makes  it  possible  to  solve  the  so-called  2n- 
problem  of  phase  reconstruction  from  intensity  distribution,  which  is,  for 
instance,  preventing  wide  use  of  negative  optical  feedback  correction 
technique  [17,18].  In  this  technique  phase  retardation  in  corrector  is  controlled 
by  the  interference  pattern  of  non-distorted  reference  wave,  combined  co¬ 
axially  with  probe  wave,  which  has  collected  distortions  of  the  beamlet  to  be 
corrected  and  this  corrector.  System  reaches  the  stationary  state,  when  the 
corrector  compensates  for  the  distortions  at  the  wavelength  of  its  record. 
However,  if  the  distortions’  magnitude  exceeds  one  wavelength,  the  corrector 
aperture  splits  into  separate  domains  with  the  relative  phase  shift  of  2n, 
preventing  thus  its  use  at  significantly  different  wavelength.  The  use  for  these 
purposes  of  the  scaled  down  differential  probe  wavefront  [19,20]  makes  it 
possible  to  cope  with  much  larger  distortions  with  the  magnitude  of  up  to  /W 

3  Experimental  realisation  of  dynamic  holographic  converter 

We  report  the  experimental  realisation  of  an  interferometer  with  the  dynamic 
holographic  converter.  The  goal  of  the  experiment  was  to  confirm  the  idea  and  the 
feasibility  of  the  method,  i.e.  the  applicability  of  the  beam,  reconstructed  by  the 
dynamic  hologram,  recorded  in  OA  LC  SLM,  for  the  interferometery  applications. 

The  scheme  of  the  experimental  setup  is  shown  in  the  Fig.l.  In  this 
experiment  we  have  tested  the  holographic  scaling  of  the  distortions,  imposed  by 
the  two-segmented  mirror  1  with  the  relative  tilt  of  its  segments.  The  distortions  of 
this  element  were  read  out  by  the  pulsed  green  radiation  of  the  second  harmonics 
of  the  Q-switched  Nd:YAP  laser  (X1=  0.54pm)  2.  Its  beam  was  expanded  by  the 
lOx-telescope  3  and  split  by  the  mirror  4  into  the  probe  and  the  reference  beams. 
The  probe  wave  passed  through  the  beam-splitting  cube  5  and  reflected  from  the 
two-segmented  mirror  1.  The  reflected  radiation  has  once  passed  through  the  cube 
5  and  through  the  2x-telescope,  comprised  by  lenses  6  and  7.  In  the  plane,  to  which 
this  telescope  imaged  the  mirror  1,  was  mounted  the  OA  LC  SLM  8.  Mirrors  9  and 
10  sent  the  reference  wave  at  the  wavelength  Xi  to  the  same  plane.  The  apertures 
11(030  mm)  and  12(015  mm),  and  the  50%-beamsplitters  4  and  5  provided  the 
equality  of  the  probe  and  the  reference  waves’  intensities  in  the  plane  of  OA  LC 
SLM  8. 

The  dynamic  hologram,  recorded  in  SLM  8,  was  reconstructed  by  the  CW 
radiation  of  He-Ne  laser  (k2  =  0.63pm)  13.  The  telescope  14  improved  its  spatial 
homogeneity.  The  mirror  15  splits  the  beam  into  the  probe  beam  and  the  reference 
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beam.  Optical  system,  comprised  by  the  lenses  16  and  6  and  by  the  folding  mirror 


Hgure  1.  Experimental  setup  for  investigation  of  dynamic  holographic  converter  of  distortions.  1  —  two- 
segmented  mirror,  2  -  Nd:YAP  laser  with  frequency  conversion  (Xi=0.54pm),  3,14  -  beam  expanders, 
4,15,21  —  semitransparent  mirrors,  5  -  beam  splitting  cube,  6,7,16  —  lenses,  8  —  optically  addressed  liquid 
crystal  modulator  -  dynamic  holographic  converter,  9,10,17,18,19,20  -  mirrors,  11,12  -  apertures,  13  -  He- 
Ne  laser  (A,2=0.633p.m),  22,23  —  CCD-cameras. 


Figure  2.  Interferograms  of  the  zero  (left)  and  first  (right)  orders  of  He-Ne  laser  beam  diffraction  on 
dynamic  converter. 
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sent  the  probe  beam  of  red  light  to  the  same  two-component  mirror  1.  The  angles 
of  the  green  and  the  red  beams  incidence  to  the  mirror  1  were  very  close 
(difference  of  0.02  rad).  So  the  shapes  of  the  distorted  wavefronts  was  practically 
the  same  for  both  probe  beams.  Red  radiation,  reflected  by  mirror  1,  was  focused  by 
the  lens  6,  passed  aside  the  mirror  17  and  was  collected  by  the  lens  7.  So  it  has 
reached  the  dynamic  hologram,  recorded  in  the  OA  LC  SLM  8.  The 
photoconductor  of  the  OA  LC  SLM,  used  in  our  experiment,  was  not  sensitive  to 
red  light  of  He-Ne  laser,  so  its  radiation  has  only  read  out  the  recorded  hologram. 
The  reference  beam  of  He-Ne  laser  radiation  passed  through  the  delay  line, 
comprised  by  the  mirrors  18,  19  and  20.  This  delay  line  has  equalised  the  lengths 
of  optical  paths  of  the  probe  and  the  reference  beams  with  the  accuracy  of  1  cm. 

The  semitransparent  mirror  21  reflected  the  reference  beam  of  He-Ne  laser. 
This  mirror  and  the  mirror  20  had  two  positions,  providing  registration  of  the 
interference  pattern  of  the  reference  beam  either  with  the  beam  of  the  first  order  of 
diffraction  (CCD-camera  22)  or  with  the  beam  of  the  zero  order  of  diffraction 
(CCD-camera  23).  So  we  had  the  possibility  to  register  the  interferogram  of  the 
probe  beam,  distorted  by  the  mirror  1,  and  of  the  beam  with  scaled  down 
distortions. 

In  the  Fig.2(left)  is  shown  the  interferogram  of  the  beam,  going  to  the  zero 
order  of  diffraction,  i.e.  just  the  interferogram  of  the  two-segmented  mirror.  In  the 
Fig.2(right)  is  shown  the  interferogram  of  the  beam,  going  to  the  first  order  of 
diffraction.  One  can  see  the  pretty  good  quality  of  these  interferograms.  Both 
interferograms  correspond  to  the  beams  with  the  relative  tilt  around  the  horizontal 
axis.  Comparing  the  right  and  the  left  sides  of  each  interferogram,  one  can 
evaluate  this  relative  tilt.  The  processing  of  two  interferograms  and  comparison  of 
the  results  has  shown  that  the  distortions  magnitude  was  reduced  5.8  times,  what 
well  corresponds  to  the  above  given  relationships. 


4  Conclusion 

We  have  realised  in  the  experiment  scaling  down  of  distortions  of  the  coherent 
radiation  wavefront.  The  wave  with  reduced  distortions  was  obtained  by  means  of 
reading  out  by  the  distorted  probe  wave  of  the  dynamic  hologram  in  OA  LC  SLM, 
recorded  at  another  wavelength  by  the  probe  wave  with  the  same  distortions.  The 
measured  scaling  rate  well  correlates  with  the  theory.  The  distortions’  scaling  can 
be  useful  for  various  applications  in  the  adaptive  optics,  in  particular,  for: 

•  recording  of  the  dynamic  holographic  correctors,  working  in  spectral  ranges, 
where  laser  sources  for  holographic  record  are  unavailable,  in  particular,  in 
mid-IR  range  of  spectrum; 

•  extension  of  the  range  of  distortions,  which  can  be  corrected  by  means  of  the 
phase  valve,  mounted  in  the  negative  optical  feedback  loop; 
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•  simplification  of  the  procedure  of  the  measuring  of  the  robust  wavefront 
distortions. 
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REVIEW  OF  WAVEFRONT  MODULATORS  AND  SENSORS  FOR 
ADAPTIVE  OPTICS 

N.  COLLINGS 

Photonics  and  Sensors,  Dept  of  Engineering,  University  of  Cambridge,  UK 


1  Introduction 

It  seems  that  inventing  new  ways  of  modulating  light  is  one  of  the  favourite 
pastimes  of  optical  scientists.  One  reason  may  be  that  that  it  is  a  fascinating 
endeavour.  There  is  no  standard  transducer  and  the  field  is  wide  open,  in  contrast  to 
the  case  of  sensing  where  the  photodiode  is  commonplace.  Another  reason  may  be 
that  the  ideal  wavefront  modulator  has  not  yet  been  found.  Either  the  modulation 
depth  is  insufficient,  or  the  actuators  have  hysteresis,  or  the  spatial  noise  is  too 
severe,  or  the  device  is  too  costly,  etc.  Moreover,  the  spatial  modulation  of  the 
wavefront  of  a  light  beam  is  a  critical  test  of  any  optoelectronic  device.  Inserting  the 
device  into  a  beam  may  degrade  rather  than  improve  the  quality  of  the  beam  in  a 
wavefront  correction  application.  However,  the  advent  of  new  fabrication 
technologies  (eg  MEMS,  flat  panel  displays)  has  reduced  the  price  of  devices,  and 
encouraged  research  on  new  applications.  A  promising  application  focus  stimulates 
the  improvement  of  devices,  which  then  accelerates  the  journey  to  an  ideal 
modulator. 

The  development  of  wavefront  sensing  has  been  less  ambitious  in  scope  but 
more  profound  in  quality.  A  wavefront  can  be  measured  to  a  higher  precision  than 
the  precision  with  which  it  can  be  reliably  modulated.  There  is  not  much  to  choose 
between  the  precision  of  the  different  sensing  techniques,  and  a  concentration  of 
products  based  on  one  technique  (eg  Hartmann-Shack  sensing),  testifies  mainly  to 
the  facility  with  which  the  sensor  hardware  can  be  put  in  place  and  used,  rather  than 
the  superiority  of  the  technique. 

The  main  commercial  modulating  devices  and  sensing  systems  will  be 
reviewed  in  the  context  of  finding  a  suitable  combination  which  will  satisfy  the 
following  criteria  for  a  wavefront  compensation  module:  35  mm  beam  diameter; 
wavelength  range  from  the  UV  to  the  far  infra-red;  reflective  optics;  modulation 
capability  of  100  pm;  overall  losses  less  than  1  dB;  and  that  it  have  no  influence  on 
the  polarization  of  the  light  beam.  It  is  also  desirable  to  make  it  lightweight. 
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2  Wavefront  modulators  (WFMs) 

The  function  of  a  wavefront  modulator  is  to  impart  a  variable  deformation  to  a 
propagating  wavefront,  for  example  the  accommodation  produced  by  the  lens  of  the 
eye.  They  act  on  the  phase  of  the  light  beam  and  any  amplitude  modulation  is 
secondary.  Therefore,  they  are  a  subset  of  the  class  of  spatial  light  modulators 
which  includes  amplitude  modulating  devices,  such  as  displays.  Wavefront 
modulators  can  be  classified  as  either  segmented  or  continuous,  depending  on 
whether  the  modulation  generated  by  each  actuator  is  local,  or  extends  over 
neighbouring  actuators.  The  pixellated  liquid  crystal  spatial  light  modulators  made 
by  Meadowlark  are  examples  of  the  former.  The  deformable  membrane  mirror  of 
OKO  Technologies  is  an  example  of  the  latter.  Segmented  devices  produce  a  high 
frequency  fixed  pattern  noise  which  is  sometimes  known  as  “punch  through”. 


Comp/Uni 

Type 

N 

d  (pm) 

Lay. 

Speed 

(Hz) 

Amp. 

(pm) 

Advant. 

Issues 

Thermo 

Trex 

SM 

76 

10000 

Squ. 

5k 

0.3 

Modular 

3-axis 

Wright 

AFB[1] 

DM 

128 

203 

Squ. 

0.3 

(14V) 

MEMS 

Lenslets 

Northrop- 
Grum.  f21 

DM 

1024 

1000 

Squ. 

1  (40V) 

MEMS 

Planarity 

Meadw[3] 

LCD 

69 

2000 

Hex. 

26 

0.633 

Low  V 

IR  abs. 

Xineticf41 

DM 

349 

7000 

Squ. 

100 

4 

Tested 

Temp. 

Boston 

UnivJ51 

DM 

9 

250 

Squ. 

66  k 

0.4 

(100V) 

MEMS 

Hysteres. 

OKO 
Tech.  [61 

DM 

37 

1750 

Hex. 

500 

9 

MEMS 

Uniform 

Cilas[7] 

BM 

31 

15000 

Cone. 

1  k 

15 

(400V) 

Tested 

Hysteres. 

Cilas[7] 

SAM 

185 

8000 

Squ. 

1  k 

5 

(400V) 

Tested 

Table  1. 

Legend:  Types  SM:  Segmented  Mirror;  DM:  Deformable  Mirror;  LCD:  Liquid 
Crystal  Device;  BM:  Bimorph  Mirror;  SAM:  Stacked  Actuator  Mirror;  N:  number 
of  pixels;  d:  actuator  separation;  Hexagonal.  Square.  Concentric. 

Table  1  shows  a  broad  range  of  modulators  (4  MEMS  and  5  large  devices)  with 
published  performance  figures.  In  a  number  of  cases  a  company  can  provide  a  range 
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of  different  product,  usually  by  varying  the  number  of  actuators.  The  highest 
product  in  the  range  has  been  selected  in  each  case  for  the  Table,  except  in  the  case 
of  the  Meadowlark  LCD  where  a  127-electrode  product  exists  which  has  not, 
however,  been  characterized  in  the  published  literature.  Liquid  crystal  devices  work 
at  low  voltage,  but  are  polarisation  sensitive,  absorb  in  the  infrared,  and  their  use  is 
more  lossy  than  mirrors.  The  MEMS  devices  have  a  smaller  actuator  separation  and 
are  cheaper. 

It  is  also  important  to  know  what  kind  of  aberrations  can  be  corrected  by  the 
device.  This  can  be  estimated  theoretically  by  computer  modelling  (eg  finite 
element  analysis)  followed  by  modal  decomposition  of  the  influence  functions  in 
terms  of,  for  example,  Zemike  polynomials.  In  order  to  measure  the  performance 
experimentally,  the  modulator  is  used  to  correct  known  aberrations,  such  as 
turbulence.  If  we  confine  the  discussion  to  continuous  mirror  devices  (ie  all  listed  in 
the  Table  except  for  the  Thermotrex  and  Meadowlark  devices),  there  is  an  ideal 
rigidity  of  mirror  for  a  given  aberration.  Where  the  aberration  is  Kolgomorov 
turbulence,  a  Gaussian  influence  function  gives  the  best  correction  [8],  An  example 
of  this  is  the  Itek  mirror  [9],  All  concentric  and  hexagonal  devices  correct  best  the 
axi-symmetric  aberrations,  such  as  defocus  and  spherical  aberration.  The  other  low 
order  aberrations  are  reasonably  well  corrected,  and  there  is  a  gradual  fall-off  in 
performance  as  the  order  of  aberration  increases.  Tip  and  tilt  can  be  corrected  at  the 
expense  of  dynamic  range  for  other  aberrations.  Therefore,  they  are  preferably 
corrected  with  a  separate  tip/tilt  mirror. 


3  Wavefront  sensors  (WFSs) 

In  the  laboratory  it  is  usual  to  measure  wavefront  deformations  with  respect  to  a 
precisely  defined  reference  wavefront.  However,  in  adaptive  optics,  the  deformed 
wavefront  is  measured  either  with  a  pre-calibrated  instrument,  such  as  the  Shack- 
Hartmann  (SH)  sensor,  or  by  applying  a  calibrated  extra  deformation  to  it  and 
comparing  “before”  and  “after”.  Examples  of  the  latter  are  the  shearing 
interferometer,  the  curvature  sensor,  and  the  phase  diversity  sensor.  The  commercial 
products  listed  in  Table  2  are  all  SH  sensors  except  for  one  curvature  sensor.  They 
are  priced  between  $25k  and  $30,  and  of  comparable  performance.  The  SH  sensors 
of  Zeiss,  Detect  16  marketed  by  Trioptics,  and  that  of  the  University  of  Erlangen, 
Germany,  employ  centroiding  algorithms  with  a  spot  positioning  precision  of  0.1 
pm.  The  WFS-01  of  Adaptive  Optics  Associates  has  a  large  dynamic  range  due  to 
its  capacity  to  track  the  focal  spot  for  displacements  outside  the  sub-aperture 
defined  by  the  microlens. 

The  speeds  of  the  sensors  are  not  in  the  product  literature  for  the  CLAS-2D 
(Wavefront  Sciences)  and  the  curvature  sensor  (Laplacian).  The  WFS-01  has  a 
frame  rate  of  30  Hz  due  to  high  speed  acquisition  from  the  CCD  camera  and 
effective  post-processing  algorithms.  Extra  processing  power  can  be  purchased  for 
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the  Zeiss  SH  sensor  in  order  to  achieve  a  speed  of  25  Hz.  Photonetics  have  recently 
announced  a  ID  SH  sensor,  the  H-line,  with  a  delay  of  10  msec. 

The  curvature  sensor  measures  wavfront  curvature  from  intensity 
measurements  in  two  planes  on  either  side  of  the  focal  plane.  In  spite  of  the 
manufacturer’s  specifications,  which  are  tighter  for  the  SH  sensors  than  the 
curvature  sensor,  theoretical  [10]  and  experimental  [11]  studies  have  shown  that  the 
performance  of  SH  and  curvature  sensors  is  comparable,  with  a  slight  advantage  for 
the  latter.  However,  the  SH  sensor  is  popular  because  it  is  easy  to  understand  and 
has  a  lower  hardware  complexity. 


Comp/ 

Uni 

Type 

N 

Delay 

WF  slope 
min 

WF  slope 

max 

Subap. 
diam.  (pm) 

Detect  16 

SH 

16x16 

2  sec 

A/500 

14A 

352 

Erlangen 

SH 

24x24 

2  sec 

A/500 

116  A 

150 

WFS-01 

SH 

72x72 

33  ms 

A/100 

400  A 

140 

CLAS-2D 

SH 

44x33 

)J55 

90A 

144 

Laplacian 

CS 

20x20 

A/5 

20  A 

600 

H-LINE 

ID  SH 

200 

10  ms 

A/70 

45  A 

140 

Legend:  SH:  Shack  Hartmann;  CS:  Curvature  Sensing.  A  =  633  nm. 
N  is  number  of  sub-apertures 


4  Discussion 

None  of  the  WFMs  gives  the  modulation  capability  specified,  although  some 
may  be  custom  engineered  to  do  so.  For  example,  the  tension  of  the  membrane  in 
the  deformable  mirrors  can  be  reduced  and  the  distance  to  the  actuator  increased,  so 
that  the  mirror  produces  larger  deformations  at  comparable  voltages.  Although  the 
MEMS  devices  are  lightweight  and  cheap,  there  is  sometimes  a  problem  scaling 
them  up  to  useful  apertures.  With  the  CCD  based  WFSs  the  aperture  is  also  limited 
by  the  size  of  the  CCD  array. 
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LIQUID  CRYSTAL  ACTIVE  OPTICS  CORRECTION  USING 
EVOLUTIONARY  ALGORITHMS 


PHILIP  BIRCH,  CHRIS  CHATWIN,  RUPERT  YOUNG,  MARIA  FARSARI 

School  of  Engineering,  University  of  Sussex,  Brighton,  E.  Sussex.  BN1  9QT  UK 
E-mail:  p.m.birch@sussex.ac.uk 

A  method  of  finding  a  near  optimum  correction  of  a  phase  aberration  is  demonstrated.  A 
liquid  crystal  spatial  light  modulator  (SLM)  is  to  be  used  as  the  corrective  element  and  the 
phase  screen  applied  to  this  is  designed  by  an  evolutionary  algorithm.  Evolutionary 
algorithms  mimic  biological  evolution,  where  sets  of  trail  solutions  compete  to  reproduce  and 
form  the  next  generation.  Only  the  best  solutions  survive.  Each  generation  takes  a  step  closer 
to  a  global  optimum.  This  method  requires  no  wavefront  sensor,  is  easy  to  set  up,  and  has  a 
low  cost 


1  Introduction 

The  term  “adaptive  optics”  usually  refers  to  high-speed  optical  aberration  correction 
(>10Hz)  whilst  “active  optics”  is  for  slower  correction  (<lHz).  Active  optics  is 
often  used  to  correct  for  slowly  varying  aberrations  caused  by  mechanical  strains 
upon  the  optical  components  and  mounting  systems.  This  is  commonly  used  to 
correct  primary  mirror  distortions  in  telescopes,  but  may  also  be  applicable  in  the 
lab  when  mechanical  creep  in  optical  mounts  is  unacceptable.  Nematic  liquid  crystal 
SLMs  potentially  provide  a  low  cost,  lightweight  and  compact  method  of  providing 
correction.  In  this  paper  a  method  of  using  a  corrector  such  as  an  SLM  with  no 
wavefront  sensor  except  for  a  Strehl  ratio  measurement  is  described.  The  phase 
shifts  applied  to  the  correcting  element  are  calculated  using  an  evolutionary 
algorithm. 


2  Evolutionary  Algorithms 

Evolutionary  algorithms  [1]  are  a  commonly  used  optimisation  technique  and  can 
be  broken  into  three  main  types:  genetic  algorithms  (GA),  evolutionary  strategies 
[2]  (ES),  and  evolutionary  programming  (EP).  Genetic  algorithms  are  the  most  well 
known  out  of  the  three.  These  algorithms  were  traditionally  designed  for  binary 
optimisation,  but  in  this  application,  we  want  to  use  real  number  values  since  a 
nematic  liquid  crystal  SLM  is  capable  of  producing  analogue  phase  shifts.  The 
traditional  real  number  problem  optimisation  algorithm  is  the  evolutionary  strategy 
method  and  so  this  technique  will  be  used  in  this  paper. 
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2. 1  Evolutionary  Strategies 

The  biological  analogy  behind  an  ES  is  as  follows.  The  population  consists  of  a  set 
of  vectors.  Each  vector  represents  an  individual  of  the  species;  the  elements  of  the 
vectors  represent  the  phenotypic  trait  of  the  individuals  (not  the  genes).  Each  of  the 
individuals  competes  against  each  other,  and  the  fittest  individuals  survive  to 
sexually  recombine  to  produce  the  next  generation. 

The  basic  algorithm  for  an  ES  is  as  follows: 

1.  Generate  a  set  of  p  parent  vectors.  These  are  usually  taken  as  random  numbers 
between  the  range  of  possible  solutions. 

2.  Recombine  the  p  parents  to  produce  X  offspring  (A.>p).  In  this  case  two  parents 
were  chosen  at  random  and  the  mean  of  each  vector  was  used  as  the  offspring. 
This  was  repeated  until  X  offspring  were  produced. 

3.  Mutate  the  offspring.  If  x,-  is  the  zth  element  of  an  offspring  vector,  the  mutated 
element  x  ■  is  given  by 

a,  =  o,.  exp[x'  N(0,l)+  t  N,  (0,l)]  [1] 

x/  =  x(-  +ct/  N(0,l)  [2] 

where  N(0,1)  is  a  random  number  with  normal  distribution,  dj  is  the  mutation 
parameter  of  the  previous  generation,  and 


c 

[3] 

■^2 -Jn 

C 

[4] 

4ln 

n  is  the  number  of  elements  in  a  vector  and  C  is  a  constant,  usually  equal  to  1 . 

4.  Select  the  p  best  offspring  to  be  the  next  generation. 

5.  Return  to  step  2  using  the  new  generation  as  the  parents  until  some  stopping 
criterion  is  reached. 

3  Computer  Simulations 

The  computer  simulations  of  the  system  were  carried  out  in  Matlab™  on  a  Viglen 
Pentium  II  PC.  To  evaluate  the  fitness  of  the  phase  screens,  a  circular  aperture  was 
placed  over  them  and  this  data  was  Fourier  transformed  to  calculate  the  Strehl  ratio. 
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3. 1  Static  Zonal  Correction 

The  first  simulation  to  be  addressed  was  the  static  zonal  correction.  The  phase 
screen  and  corrector  were  represented  by  a  16x16  array.  Larger  array  sizes  were 
also  tried  but  took  longer  for  the  ES  to  run.  The  initial  aberration  was  one 
wavelength  of  defocus  aberration.  The  initial  parent  vectors  were  random  numbers 
in  the  range  0  to  2tt.  Various  values  for  p  and  X  were  tried.  p=l  and  X=\  stagnates 
before  the  solution  is  found.  p=5  and  X=25  appeared  to  produce  the  fastest 
correction. 

Since  the  Strehl  ratio,  S,  was  used  to  as  the  fitness  measurement  an  approximate 
value  for  the  variance  across  the  aperture  can  also  be  calculated.  Equation  [2]  could 
then  be  replaced  by 

x\  =  xj  +  C-J-  ln(5 )  N(0,1)  [5] 

This  has  the  advantage  over  the  previously  described  method  in  that  as  the 
algorithm  approaches  the  best  solution,  the  amount  of  search  space  is  also 
decreased.  Then  when  a  new  aberration  is  introduced  the  search  space  automatically 
increases.  An  example  of  the  correction  of  an  aberration  is  shown  in  figure  1.  The 
mean  line  refers  to  the  mean  Strehl  ratio  applied  in  that  generation.  The  maximum 
Strehl  ratios  and  the  minimum  Strehl  ratios  are  also  shown. 


-MEAN 


- MAX 

. MIN 


Generations 


Figure  1.  Correction  versus  generation  number  for  a  zonal  correction.  The  mean,  maximum,  and 
minimum  Strehl  ratios  applied  for  each  generation  are  shown. 


3.2  Varying  Aberration  Zonal  Correction 

The  real  time  simulation  was  carried  out  by  increasing  the  amount  of  defocus 
between  each  evaluation  of  the  Strehl  ratio.  Results  for  a  simulation  of  a  linear 
increase  in  defocus  over  time  and  its  correction  are  shown  in  figure  2.  The 
aberration  rate  was  0.007  radians/generation. 
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Figure  2.  Varying  aberration  correction  provided  by  the  zonal  ES  method.UNCOR  is  the  uncorrected 
Strehl  ratio. 


3.3  Static  Modal  Correction 

Modal  correction  was  achieved  by  optimising  Zemike  mode  amplitudes  that  were 
mapped  onto  a  64x64  array.  Correction  for  a  defocus  aberration  only  is  shown  in 
figure  3.  Defocus,  2  astigmatisms,  2  comas  and  spherical  correction  is  shown  in 
figure  4.  Tip  and  tilt  were  not  corrected  since  these  modes  can  be  calculated  from 
the  position  of  the  spot  in  the  Fourier  plane. 
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Figure  3.  The  correction  of  a  defocus  aberration  over  a  number  of  generations.  The  mean  Strehl  ratio  that 
is  been  applied  is  shown,  along  with  the  worst  and  the  best  case. 
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Figure  4  Correction  of  an  aberration  using  defocus,  astigmatism,  coma,  and  spherical  Zemike  modes. 
The  mean,  maximum  and  minimum  applied  Strehl  ratios  are  shown. 


3.4  Varying  Modal  Correction 

The  static  correction  system  was  then  modified  so  that  defocus  was  added  to  the 
system.  After  the  fourth  generation  of  correction  the  amount  of  defocus  was 
increased  at  a  rate  of  0.3  radians  per  generation.  To  simulate  a  realistic  system  this 
variation  needed  to  be  increased  after  each  evaluation  of  the  Strehl  ratio,  not  just 
between  each  generation.  Results  for  a  typical  correction  are  shown  in  figure  5. 
Reducing  the  aberration  rate  improves  the  performance. 
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Figure  5.  Correction  of  a  time  varying  defocus  aberration.  The  amplitude  of  the  aberration  changes  with 
each  measurement  of  the  Strehl  ratio. 
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4  Discussion 

Zonal  and  modal  correction  based  upon  a  modified  ES  technique  have  been 
demonstrated.  Both  of  these  methods  provide  correction  of  static  and  time  varying 
aberrations.  The  choice  of  which  system  to  use  depends  upon  the  application.  The 
zonal  method  is  much  slower  but  this  is  due  to  its  larger  number  of  degrees  of 
freedom.  For  correcting  common  optical  aberration  the  first  few  Zemike  modes  may 
be  adequate,  especially  if  a  high  speed  is  required.  Say,  for  example,  that  the  Strehl 
ratio  of  a  particular  phase  screen  is  measured  video  rate  (25Hz).  It  takes  1  second  to 
assess  each  generation.  So  the  modal  method  has  a  clear  time  advantage  (about  6s 
compared  to  100s  for  the  zonal  method  to  reach  a  Strehl  ratio  of  80%). 


5  Conclusion 

An  ES  active  optics  system  has  been  simulated.  The  potential  possibilities  of  both 
static  and  time  varying  aberration  correction  have  been  shown.  Both  a  modal  and  a 
zonal  system  have  been  shown. 
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June  1999  on  the  4.2m  William  Herschel  Telescope  (one  of  Ihe  Isaac  Newton  Group  of 
telescopes  on  La  Palma  in  the  Canary  Islands,  Spain)  saw  two  runs  with  the  University  of 
Durham  ELECTRA  adaptive  optics  system.  The  first  seven  nights  were  for  commissionhig 
various  new  features  and  the  remainder  for  ‘service  mode’  AO  observing.  The  new  features 
included  the  Durham  TEIFU  integral  field  unit  which  can  feed  WYFFOS  with  adaptively 
corrected  optical  spectra  from  500  sky  elements  simultaneously.  This  capability  will  soon  be 
enhanced  to  1000  elements  (hence  TEIFU:  Thousand  Element  Integral  Field  Unit). 


1  ELECTRA 

Although  these  proceedings  contain  work  on  non-astronomical  adaptive  optics,  this 
paper  is  included  here  because  a  tour  Durham’s  Adaptive  Optics  Laboratories  was 
given  at  the  conference.  Adaptive  optics  (AO)  is  familiar  on  4m  class  telescopes 
and  it  is  also  now  being  introduced  on  larger  telescopes  such  as  Keck  and  Gemini. 
ELECTRA  is  quite  a  high-order  system,  having  228  degrees-of-freedom  altogether 
and  is  designed  to  operate  at  short  wavelengths,  with  partial  correction  available  in 
the  optical  V,  R  and  I  bands  as  well  as  correction  in  the  near-IR.  In  June  the  two 
modes  available  were  near-IR  imaging  with  the  1-5  micron  256x256  pixel  imager 
WHIRCAM  and  optical  area  spectroscopy  with  TEIFU. 

ELECTRA  operates  at  the  GHRIL  bench  at  WHT  (William  Herschel  Telescope) 
Nasmyth  as  illustrated  in  figure  1.  The  optical  layout  is  illustrated  schematically  in 
figure  2.  ELECTRA ’s  main  subsystems  are  its  adaptive  mirror,  wavefront  sensor 
(WFS),  tip-tilt  mirror,  calibration  unit  and  computer  control  system. 
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Input  from  WHT 


TEIFU 


Figure 
.Sensor 

Figure  1:  ELECTRA  at 


Figure  2.  Schematic  layout  of  ELECTRA  at  WHT/GHRIL 


The  adaptive  mirror  was  built  by  TTC  in  San  Diego.  It  has  76  segments  each  of 
which  can  tip,  tilt  and  piston  (hence  228  degrees  of  freedom)  under  computer 
control  and  is  equipped  with  strain-gauge  position  feedback  which  ensures  a  linear 
response  to  wavefront  correction  commands. 

The  WFS  is  a  Shack-Hartmann  sensor  which  uses  a  camera  built  at  Rutherford 
Appleton  Laboratories  and  based  on  an  80x80  pixel  EEV  CCD-39.  This  camera 
can  read  out  up  to  2  million  pixels  per  second  from  each  of  four  readout  ports. 
These  signals  are  processed  by  an  array  of  eight  Digital  Signal  Processors  (DSPs) 
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in  order  to  produce  wavefront  reconstruction  commands  which  are  then  passed  to 
an  additional  bank  of  eight  DSPs.  This  second  back  uses  digitised  feedback  from 
the  adaptive  mirror  strain-gauges  to  accurately  place  the  required  wavefront 
correcting  figure  on  the  mirror. 

Near-IR  seeing  correction  with  ELECTRA  is  illustrated  in  the  “before”  and  “after” 
correction  images  of  figures  3  and  4.  The  service  mode  AO  data  will  be  reduced  by 
the  requesting  observers  but  an  early  indication  of  the  subarcsecond  detail  available 
is  illustrated  in  the  raw  image  of  a  planetary  nebula  in  figure  5. 


K  band  PSF 


Position  (arcsec) 

Figure  3:  ELECTRA  K-band  image 
before  and  after  correction 


J  band  PSF 


-1  "  0  1 


Position  (arcsec) 

Figure  4:  ELECTRA  J-band  image  before  and 
after  correction 
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Figure  5:  Raw  WHIRCAM  image  of  Planetary  Nebula  taken  with  ELECTRA  AO 

2  TEIFU 

The  TEIFU  system  will  be  available  for  use  with  ELECTRA.  It  is  a  lenslet-fibre 
areas  spectroscopy  system  with  consequently  very  high  spatial  fill-factor.  A 
schematic  illustrating  its  mode  of  operation  is  given  in  figure  6.  At  present  it  feeds 
the  WYFFOS  fibre-input  spectrograph  in  the  300-1000nm  wavelength  range  and 
has  a  single  field  with  28x18  elements  each  with  an  angular  extent  of  0.25 
arcseconds.  In  future  it  will  have  two  separate  fields  with  1000  elements  in  total. 
These  fields  will  have  variable  separation  for  simultaneous  object  and  sky 
observation  and  will  be  available  at  three  different  image  scales: 

Sampling:  0.125  0.25  0.50  arcsec 

Field :  2x(3.5x2)  2x(7x4)  2x(14x8 )  arcsec2 
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In  future  TEIFU  will  also  benefit  from  a  new  long  camera  on  WYEFOS  giving 
better  sampling.  TEIFU  will  also  be  adapted  for  operation  in  the  near-IR. 


The  characterisation  of  TEIFU  has  been  very  pleasing  showing  around  50% 
throughput  with  an  rms  fibre-to-fibre  uniformity  of  6%.  An  example  set  of  TEIFU 
spectra  from  the  galaxy  3C327  is  shown  in  figure  7 


Figure  6:  Principles  of  Operation  of  TEIFU 
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3C327  raw  TEIFU  data 


Figure  7:  TEIFU  raw  spectra 
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In  this  paper  we  present  the  results  of  a  novel  compact  adaptive  optics  system  for 
the  optimization  of  optical  power  into  a  single  mode  optical  fiber.  This  system 
uses  a  micromachined  deformable  mirror  for  aberration  correction.  The  stochastic 
parallel  gradient  descent  algorithm  is  used  to  maximize  the  coupling  efficiency 
without  a  direct  wavefront  measurement. 


1  Introduction 

The  motivation  for  using  an  adaptive  optics  system  to  couple  an  aberrated 
wavefront  into  an  optical  fiber  comes  from  optical  wireless  communications. 
Optical  wireless  links  provide  high  bandwidth  links  across  free-space  paths 
where  optical  fiber  is  expensive  or  impossible  or  to  install.  These  links  however 
require  the  regeneration  of  the  data  before  it  can  be  coupled  into  an  optical 
fiber.  An  ideal  optical  wireless  link  would  provide  a  seamless  all-optical  link 
maintaining  the  continuity  of  the  optical  network.  An  additional  advantage  of 
such  a  link  would  be  the  use  of  erbium  doped  fiber  amplifiers  at  the  receiver. 
This  would  greatly  increase  the  overall  dynamic  range  of  the  free-space  optical 
link. 

This  paper  describes  a  novel  compact  adaptive  optics  system  for  coupling 
an  aberrated  wavefront  into  a  single  mode  optical  fiber.  Included  in  this  in¬ 
vestigation  is  the  range  of  correctable  aberrations  and  the  maximum  coupling 
coefficient.  Having  demonstrated  the  performance  of  the  system,  potential 
techniques  to  increase  the  dynamic  range  and  convergence  speed  are  discussed. 

2  System  Description 

The  adaptive  optics  system  described  in  this  paper  is  illustrated  in  Fig.  1.  A 
collimated  beam  (A  =  633 nm)  is  projected  onto  the  deformable  mirror.  The 
deformable  mirror  is  a  37  channel  micromachined  membrane  mirror  manufac¬ 
tured  by  OKO  Technologies1.  The  beam  is  then  split  between  a  diagnostic 
wavefront  sensor  and  the  fiber  coupling  optic  which  focuses  the  laser  onto  a 
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Collimated  Input  beam 
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Figure  1:  Novel  adaptive  optics  system  for  the  optimization  of  optical  power  into  a  single 
mode  optical  fiber. 


4  fim  core  single  mode  optical  fiber.  The  diagnostic  wavefront  sensor  was 
WaveScope  built  by  Adaptive  Optics  Associates.2  The  light  coupled  into  the 
optical  fiber  is  collected  on  a  photodetector  and  the  signal  is  fed  back  to  the 
control  PC.  The  stochastic  parallel  gradient  descent  algorithm  (SPGDA)  is 
then  used  to  adapt  the  deformable  mirror  to  optimize  the  optical  power  cou¬ 
pled  into  the  fiber. 

3  Stochastic  Parallel  Gradient  Descent  Algorithm 

The  stochastic  parallel  gradient  descent  algorithm  enables  the  control  of  the 
deformable  mirror  from  the  measurement  of  a  single  performance  metric.  The 
loop  equation  for  the  SPGDA  is  given  by  Eq.  (1). 

U,+1  =  U,  +  7-S-  (1) 

oUi 

In  this  experiment,  the  performance  metric  (J)  was  the  optical  power  coupled 
into  the  fiber.  The  algorithm  applies  a  stochastic  perturbation  <5U  to  the  mirror 
control  vector  U.  This  perturbation  is  applied  simultaneously  to  all  actuators. 
The  change  in  the  performance  metric  6J  is  measured,  and  the  next  control 
vector  is  calculated  from  this  single  measurement.  This  enables  all  actuators 
to  be  updated  in  parallel.  The  loop  gain  is  denoted  by  7. 

The  use  of  this  algorithm  eliminates  direct  wavefront  sensing  from  the 
adaptive  optics  system.  This  reduces  both  the  size  and  complexity  of  the 
system. 


0  SOW)  2000  3000  4000 

Iterations 


Figure  2:  Convergence  curves  for  various  initial  RMS  OPDs:  l)System  aberration  0.122  fi m 
2)Random  aberration  0.04  fim  3)Defocus  0.208  fim  4)Defocus  0.35  fin l. 


4  Optical  Path  Difference  Dynamic  Range 

In  order  to  demonstrate  the  dynamic  range  of  aberrations  that  the  system  can 
correct,  four  initial  aberrations  were  used.  These  aberrations  are  the  inherent 
aberration  in  the  optical  system,  a  small  random  aberration  and  two  large  de¬ 
focus  aberrations.  The  latter  three  aberrations  were  generated  by  changing  the 
control  vector  to  the  mirror  after  it  had  corrected  for  the  system  aberrations. 
The  convergence  of  the  SPGDA  for  all  cases  is  shown  in  Fig.  2.  Each  curve 
is  the  average  of  ten  realizations  of  the  algorithm.  This  average  was  taken 
because  the  algorithm  is  a  stochastic  process.  The  following  sections  describe 
the  results  of  each  initial  condition. 

4-1  Self  Correction 

The  first  step  in  demonstrating  this  adaptive  optics  system  was  to  demonstrate 
that  the  system  could  compensate  for  the  aberrations  inherent  in  its  own  op¬ 
tical  system.  The  convergence  curve  of  the  SPGDA  for  this  case  is  shown  in 
Fig.  2  (curve  1).  The  coupling  coefficient  was  improved  from  11%  to  55%.  The 
RMS  optical  path  difference  (OPD)  correction  was  0.122  /mi.  This  corrected 
wavefront  was  used  as  the  optimal  wavefront  reference  for  subsequent  tests. 

4-2  Small  Random  Aberration 

A  random  set  of  voltages  was  added  to  the  mirror  control  vector  to  produce 
a  small  random  aberration.  The  convergence  curve  for  this  case  is  shown  in 
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Figure  3:  Wavefront  measurements  taken  as  the  adaptive  optics  improve  the  defocus  aber¬ 
ration  (1)  to  the  corrected  wavefront  (4). 
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Fig.  2  (curve  2).  The  convergence  was  faster  for  this  initial  condition  since 
it  began  closer  to  the  maximum.  The  coupling  coefficient  was  increased  from 
30%  to  55%.  The  initial  RMS  OPD  was  0.04  £tm  and  was  corrected  to  within 
an  RMS  OPD  of  0.023  gm  of  the  optimal  wavefront. 

4.3  Large  Defocus  Aberration 

A  defocus  aberration  was  added  to  the  converged  mirror  control  vector  to 
demonstrate  the  correction  of  a  relatively  large  aberration.  The  SPGDA  im¬ 
proved  the  coupling  coefficient  from  3%  to  55%.  This  was  the  largest  improve¬ 
ment  in  the  coupling  coefficient.  The  convergence  curve  is  shown  in  Fig.  2 
(curve  3).  Wavefront  measurements  were  taken  during  this  trial  to  determine 
that  the  algorithm  was  indeed  correcting  for  the  defocus  aberration.  The  wave- 
front  correction  is  shown  in  Fig.  3.  The  wavefront  began  at  an  RMS  OPD 
of  0.208  /im  and  improved  to  an  RMS  OPD  of  0.028  /tm  after  three  thousand 
iterations. 

4.4  Larger  Defocus  Aberration 

A  larger  defocus  aberration  was  then  added  to  the  converged  mirror  control 
vector  to  bound  the  amount  of  RMS  OPD  that  the  system  could  correct.  For 
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this  case,  the  initial  RMS  OPD  was  0.35  /j,m.  As  shown  in  Fig.  2  (curve  4),  the 
SPGDA  could  not  converge  from  this  initial  aberration.  In  this  case  there’ was 
no  power  in  the  optical  fiber.  The  algorithm  could  not  measure  a  slope  in  the 
performance  metric  and  therefore  could  not  optimize  the  coupling  coefficient. 
For  this  case,  the  initial  wavefront  was  never  improved. 

4-5  Optical  Path  Difference  Dynamic  Range  Results 

The  algorithm  converged  to  the  same  maximum  coupling  coefficient  of  55%  for 
initial  conditions  that  were  less  than  A/3  RMS  OPD  from  the  optimal  wave- 
front.  In  this  range  of  initial  conditions,  the  SPGDA  consistently  converged 
to  the  same  maximum  to  within  an  RMS  OPD  of  A/25.  The  maximum  cou¬ 
pling  coefficient  was  less  than  100%  because  of  an  intensity  mode  mismatch 
between  the  uniform  input  beam  and  the  approximately  Gaussian  fiber  mode. 
The  achieved  maximum  of  55%  is  in  agreement  with  the  theoretical  maximum 
coupling  coefficient  given  this  mode  mismatch. 

5  Potential  System  Improvements 

The  two  main  areas  for  improvement  in  this  adaptive  optics  system  are  the  cor¬ 
rectable  OPD  dynamic  range  and  the  convergence  speed.  The  present  system 
corrects  only  a  small  range  of  OPD  and  requires  a  large  number  of  iterations 
to  perform  this  correction. 

5.1  Optical  Path  Difference  Dynamic  Range 

The  OPD  dynamic  range  is  limited  by  the  choice  of  the  fiber  coupling  co¬ 
efficient  for  the  performance  metric.  This  metric  is  a  sharp  function  of  the 
wavefront  aberration  and  limits  the  dynamic  range  of  the  system.  When  there 
is  no  power  in  the  optical  fiber  there  is  no  slope  in  the  performance  metric. 
The  SPGDA  therefore  cannot  maximize  the  coupling  coefficient.  The  choice 
of  another  performance  metric  for  large  aberrations  could  increase  the  OPD 
dynamic  range  of  the  system  to  take  advantage  of  the  full  dynamic  range  of 
the  deformable  mirror.5 

5.2  Convergence  Speed 

The  speed  of  the  convergence  is  critical  to  success  of  this  technique  in  optical 
wireless  communications.  Because  of  the  limited  bandwidth  of  the  deformable 
mirror,  the  algorithm  must  quickly  correct  the  wavefront  changes  of  the  atmo¬ 
sphere  with  only  a  few  iterations5  The  reduction  of  the  convergence  time  for 
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small  aberrations  can  be  seen  in  Figure  2.  This  results  indicates  the  potential 
for  this  system  to  quickly  track  small  changes  in  the  wavefront  due  to  atmo¬ 
spheric  turbulence.  Further  research  will  have  to  be  done  to  demonstrate  the 
dynamic  operation  of  the  system.6 

The  speed  of  the  algorithm  could  be  increased  by  changing  the  performance 
metric?  and  optimizing  the  SPGDA.  A  performance  metric  that  tolerates  larger 
aberrations  can  increase  the  convergence  speed  of  the  algorithm  by  providing 
a  greater  slope  to  the  metric  function.  The  SPGDA  could  be  optimized  for 
speed  by  adding  an  active  loop  gain  and  the  global  coupling  of  the  control 
channels.4 

6  Conclusions 

We  have  demonstrated  a  compact  adaptive  optics  system  that  can  increase 
the  coupling  into  a  single  mode  optical  fiber  from  3%  to  55%.  This  is  the 
maximum  coupling  possible  with  the  current  mode  mismatch.  This  system 
has  demonstrated  correction  over  a  dynamic  range  of  A/3  in  RMS  OPD.  In¬ 
creased  dynamic  range  may  be  achieved  by  alternate  performance  metrics. 
Additionally,  optimization  of  the  control  algorithm  and  performance  metric 
may  increase  the  speed  of  the  system. 
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Side  and  front  coupling  of  pump  laser  diodes  of  1W  emitted  power  into  a  double  clad  doped 
fiber  using  a  multielectrode  deformable  mirror  is  investigated.  The  shape  of  the  mirror  was 
controlled  using  a  simplex-based  algorithm.  An  increase  of  the  coupling  efficiency  and  the 
fluorescence  output  power  has  been  demonstrated  in  both  cases 


1  Introduction 

A  dynamic  coupling  system  for  fiber  amplifiers  has  been  developed.  A 
micromachined  membrane  mirror  [1]  produces  the  dynamic  capability  of  the 
system.  The  mirror  has  a  diameter  of  15  mm  and  37  computer-controlled  electrodes 
deflect  the  membrane. 

Two  coupling  systems  on  the  same  breadboard  have  been  used.  The  first  system  is  a 
traditional  coupling,  called  end-coupling,  that  has  been  enhanced  with  the  dynamic 
mirror.  The  second  is  a  novel  coupling  system,  called  side  coupling,  and  which  also 
uses  the  dynamic  characteristic  of  the  micromachined  mirror. 

The  fiber  amplifier  used  for  this  demonstration  is  a  double  clad  fiber  [2]  with  a 
monomode  core  and  a  125  pm  thick  outer  clad.  The  fiber  is  doped  with  Yb3+  and 
produces  a  fluorescence  output  comprised  between  960  and  1200nm  [3].  This  kind 
of  fiber  is  mainly  used  with  high  power  pump  diode  laser  at  980  nm.  The  output 
beam  of  these  lasers  are  highly  divergent  (+  30  degrees  for  the  y  axes  and  +5 
degrees  for  the  x  axes)  and  is  therefore  difficult  to  focus  onto  the  fiber.  Dynamic 
coupling  is  a  good  way  to  solve  this  problem. 

First,  to  analyze  the  mirror  deformation,  the  breadboard  has  been  set  up  with  an 
imaging  interferometer  in  order  to  record  the  interference  pattern  produced  by  the 
mirror.  Afterwards,  the  imaging  interferometer  has  been  replaced  by  a  Shack- 
Hartmann  sensor  [4],  which  is  able  to  retrieve  and  record  the  Zemike  coefficients  of 
the  mirror  deformation  and  to  print  a  picture  of  the  deformation.  The  mirror  has 
been  driven  with  an  algorithm  program  [5]. 


346 


347 


2  Coupling  of  a  diode  pump  laser  into  a  double  clad  fiber 


Double-clad  doped-fibers  are  used  as  fiber  amplifiers  and  lasers.  They  have  a 
monomode  core  that  is  doped  (in  our 
case  with  Yb3+),  where  the  signal  is 
amplified,  and  a  multimode  double  clad 
into  which  the  laser  pump  is  coupled. 

Figure  1  shows  the  difference  between  a 
monomode  fiber  and  a  double-clad  fiber. 

The  goal  of  the  experiment  is  to  show  the 
improvement  of  the  pump  coupling 
efficiency  and  the  fluorescence  output 
power  accomplished  by  the  adaptive 
membrane  mirror. 

As  shown  in  Fig.  2,  the  pump  is  a  diode  laser  with  an  output  power  of  1  W  at  980 
nm  and  a  divergence  of  30  degrees  in  the  y-axis  and  5  degrees  in  the  x-axis.  The 
pump  beam  is  roughly  collimated  by  a  cylindrical  and  a  converging  lens  which  have 
a  focal  length  of  10  mm  and  50  mm,  respectively,  and  is  reflected  on  the  membrane 
mirror  before  being  focused  by  a  15  mm  achromatic  lens  for  the  coupling.  The  set 
up  of  the  breadboard  (Fig.  2)  allows  two  methods  of  coupling:  the  first  is  called 
front  coupling  and  is  traditionally  used;  the  second  and  more  recent  method  is  called 
side  coupling.  Side  coupling  has  already  been  demonstrated  [6,7]  but  not  yet  with  a 


Fiber  cross-section  refractive  index 


Figure  1.  Fiber  cross-section 


dynamic  system.  This  breadboard  has  been  set  up,  first,  with  an  interferometer  to 
observe  and  record  the  interference  pattern  due  to  the  deflection  of  the  mirror,  and 
then  with  a  Shack-Hartmann  sensor  [4]  to  record  the  phase  change  produced  by  the 
membrane  mirror.  Figure  2  shows  the  schematic  set  up  with  the  interferometer.  The 
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flip  mirror  allows  to  switch  between  front  coupling  and  end  coupling  of  the  two 
different  fibers.  Figure  3  is  a  photograph  of  the  main  part  of  the  breadboard.  A  Si- 
photodiode  detects  the  light  at  the  fiber  ends  and  is  connected  to  a  computer  that 
measures  the  pump  coupling  efficiency.  The  micromachined  mirror  is  driven  with  a 
simplex  algorithm  which  works  in  closed  loop  with  the  photodiode  [4],  It  has  to  be 
noticed  that  the  loss  in  the  optical  path  between  the  first  lens  and  the  entrance  of  the 
fiber  is  about  22%.  This  loss  is  due  to  Fresnel  reflection  at  the  focusing  lens  and  to 
the  absorption  of  the  aluminum  coated  membrane  mirror,  which  is  around  10%. 


The  pump  coupling  efficiency  has  been  measured  between  the  output  of  the 
collimating  lenses  and  the  output  of  the  concerned  fiber.  The  fibers  were  20  cm 
long. 

For  the  measurement  of  the  fluorescence  output  power,  a  monochromator  has  been 
used  to  suppress  the  pump  light  and  to  extract  the  fluorescence  at  1064  nm  ±  3  nm. 
In  this  case  the  fibers  were  4  m  long  to  obtain  a  good  fluorescence  signal,  and  a 
GaAs  photodiode  was  used  as  detector. 


2. 1  Side  coupling 


The  signal  and  the  pump  are 
usually  coupled  through  the  end 
of  the  fiber.  In  order  to  free  the 
use  of  the  fiber  end  for  the 


Figure  4.  Concept  of  the  side  coupling 
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signal  coupling,  and  to  allow  multiple  coupling  points  for  increased  pumping,  side¬ 
pumping  can  be  performed  using  a  bulk  element  selective  coupler. 

A  part  of  the  fiber  coating  is  removed  a  few  millimeters  long,  with  the  help  of  a 
prism  (Fig.  4)  the  laser  is  coupled  into  the  fiber.  An  index  oil  is  used  to  obtain  the 
contact  between  the  double  clad  fiber  and  the  prism.  The  membrane  mirror  is  used 
to  adapt  the  shape  of  the  focal  spot  and  thus  increase  the  efficiency  of  the  coupling. 
The  prism  is  a  right  angle  silica  prism  and  the  laser  beam  arrives  at  24  degrees  from 
its  orthogonal  axis. 

Before  the  activation  of  the  membrane,  the 
pump  coupling  efficiency  was  12%.  This 
efficiency  has  been  improved  to  17%  with  the 
help  of  the  adaptive  optics,  which  is  a  relative 
improvement  of  42%.  Figure  5  shows  the 
interferometric  pattern  due  to  the  particular 
mirror  shape  for  the  improvement.  It  is  close  to 
an  astigmatic  deformation  at  an  angle  of  around 
20  degrees  with  respect  to  the  x-axis  of  the 
interferometric  pattern.  No  classical  optical 
device  can  produce  such  wavefront  shape;  the 
adaptive  optic  mirror  is  a  unique  tool  to  obtain 

this  wavefront.  Figure  5.  Interference  pattern 


2.2  Front  coupling 

Front  coupling  is  the  traditional  way  of  coupling:  the  laser  pump  is  focused  onto  the 
cleaved  part  of  the  fiber,  a  microscope  objective  is  usually  used  for  this  purpose.  In 
our  set  up  a  lens  with  20  mm  focal  length  has  been  used. 

We  first  measured  the  fluorescence  output  power  of  a  4m  long  fiber  and  the  increase 
using  the  adaptive  optics.  An  increase  of  48%  has  been  obtained.  The  wavefront 


shape  for  maximum  of  fluorescence 


Figure  6.  Membrane  deflection  for 
maximum  fluorescence 
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Figure  7.  Zernike  coefficient  for  maximum 
fluorescence 
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shape  for  maximum  of  power 


change  produced  by  the  deflection  of  the 
mirror  has  been  measured  with  a  Shack- 
Hartmann  sensor. 

After  that  the  fiber  length  was  reduced  to 
20  cm  for  the  measurement  and  the 
optimization  of  the  pump  efficiency  The 
efficiency  of  the  front  coupling  without 
the  dynamic  coupling  is  39%,  the  best 
pump  efficiency  obtained  with  the 
dynamic  coupling  is  54%,  which  means  a 
relative  increase  of  38%.  The 
corresponding  shape  of  the  deflection  of 
the  mirror  was  again  measured  with  the 
Shack-Hartmann  sensor.  It  is  then 
possible  to  compare  the  shapes  of  the 
deflection  of  the  mirror  for  maximum 
fluorescence  and  for  maximum  pump  efficiency. 

The  Shack-Hartmann  sensor  measures  the  change  of  the  wavefront  shape  produced 
by  the  deflection  of  the  membrane  mirror.  The  changes  are  given  by  the  Zemike 
coefficients  and  a  program  uses  them  to  calculate  the  shape  of  the  deflection  of  the 


Figure  8.  Membrane  deflection  for  best 
pump  coupling 
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membrane  mirror.  The  sensor  used  a 
pin-hole  array  instead  of  a  micro-lens 
array  [7]. 

The  Zemike  coefficients  give  an  idea  of 
the  importance  of  the  aberrations. 

Comparison  of  Fig.  7  and  9  shows  that 
the  optimum  deformations  are 
remarkably  different.  The  difference 
can  be  explained  by  the  following 
considerations.  To  obtain  a  maximum 
of  fluorescence  the  pump  needs  to  cross 
as  often  as  possible  the  core  of  the  fiber 
and  the  adaptive  optic  optimize  the 
coupling  for  this  purpose.  To  obtain 
maximum  t  pump  efficiency,  the  pump 
is  coupled  in  the  multimode  outer  cladding  and  is  optimized  for  maximum  output  of 
pump  light. 
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Figure  9.  Zemike  coefficient  for  best 
coupling 


3  Conclusion 

A  dynamic  coupling  system  using  a  deformable  membrane  mirror  has  been 
demonstrated  for  the  pumping  of  a  double  clad  doped  fiber  with  a  high-power  diode 
laser.  Two  coupling  possibilities  have  been  explored.  The  first  one  is  the  classical 
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front  coupling  and  the  second  one  is  a  side  coupling.  The  dynamic  capability  of  the 
system  has  been  verified  for  both  coupling  systems  with  a  relative  increase  of 
efficiency  of  more  than  38  %  in  both  cases  and  with  48%  increase  of  fluorescence 
in  the  case  of  front  coupling. 

Several  improvements  could  be  made  on  this  breadboard  to  downsize  it  and  to 
increase  the  absolute  efficiency  of  the  coupling  system.  The  first  improvement 
would  be  the  use  of  an  anamorphic  prism  pair  to  reduce  the  elliptical  shape  of  the 
laser  beam.  For  the  side  coupling,  a  prism  with  a  Brewster  angle  could  be  used  to 
reduce  the  reflection  losses  on  the  prism. 

The  correction  of  changes  during  the  lifetime  of  on-board  optical  systems  in  space 
with  the  membrane  mirror  is  envisaged. 

This  work  is  part  of  the  European  project  MOSIS  (ESPRIT  31069). 
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IMPROVEMENT  OF  A  LASER  COMMUNICATION  BEAM 
USING  ADAPTIVE  OPTICS 
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We  present  experimental  results  of  the  compensation  of  a  laser  beam  transmitted 
through  static  aberrators  using  a  Shack-Hartmann-based  adaptive  optics  system. 
We  investigate  system  performance  as  a  function  of  beacon  intensity,  beacon  scin¬ 
tillation,  and  beacon  wavefront. 


1  Introduction 

Optical  wireless  communications  is  emerging  as  an  attractive  technology  alter¬ 
native  to  both  fiber  and  line-of-sight  microwave  for  selected  terrestrial  scenar¬ 
ios.  Commercially  available  systems  employ  a  variety  of  techniques  to  mini¬ 
mize  the  effects  of  atmospheric  turbulence.  These  techniques  include  multiple 
transmit  apertures,  large  receive  apertures,  large  beam  divergences,  wavefront 
scrambling,  and  reduced  link  lengths.  Compact  and  affordable  adaptive  optics 
systems  may  provide  a  powerful  tool  to  improve  the  performance  of  these  sys¬ 
tems  by  allowing  longer  link  distances,  smaller  aperture  sizes,  reduced  beam 
divergence,  and  increased  error-free  link  availability  times.  A  previous  report 
described  initial  field  tests  of  an  adaptive  optics  test-bed  which  has  been  de¬ 
veloped  by  Adaptive  Optics  Associates1 .  In  this  paper,  we  discuss  additional 
laboratory  characterization  of  the  performance  of  this  adaptive  optics  system. 

2  System  description 

Our  experimental  system  consists  of  a  laser  communication  transmitter  and  a 
receiver.  The  adaptive  optics  system,  a  scoring  Hartmann  sensor,  and  a  532  nm 
communication  laser  form  the  communications  transmitter.  The  adaptive  op¬ 
tics  system  includes  a  20  cm  diameter  2  m  focal  length  telescope,  a  37-actuator 
piezo-electric  deformable  mirror,  a  tip-tilt  mirror  and  a  30-subaperture  Shack- 
Hartmann  wavefront  sensor.  The  adaptive  algorithm  performs  Karhunen- 
Loeve  modal  decomposition  with  a  closed-loop  bandwidth  of  50Hz.  The  scoring 
Shack-Hartmann  wavefront  sensor  is  used  to  monitor  the  corrected  wavefront 
at  speeds  up  to  1000  frames  per  second.  The  communication  laser  is  carefully 
aligned  to  be  counter  propagating  to  the  input  beacon.  The  communications 
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Figure  1:  Schematic  of  optical  wireless  communication  experiment  incorporating  adaptive 
optics  system. 


receiver  includes  a  20  cm  diameter  2  m  focal  length  telescope,  a  632.8  nm 
beacon  laser,  another  fast  Shack-Hartmann  wavefront  sensor,4  and  a  commu¬ 
nication  photodetector.  For  these  experiments,  the  photodetector  was  replaced 
with  a  video-rate  CCD  camera.  The  complete  system  is  shown  in  Fig.  1  and 
has  been  described  in  detail  elsewhere.1’2. 

The  purpose  of  the  ideal  adaptive  system  is  to  focus  the  communication 
laser  beam  onto  the  receiver  by  transmitting  the  phase-conjugate  wavefront 
of  the  received  beacon.  In  the  presence  of  turbulence  we  expect  the  adaptive 
optics  to  increase  the  power  collected  by  the  receiver,  to  improve  the  wave- 
front  of  the  communication  laser  beam  at  the  receiver  and,  most  importantly, 
to  reduce  the  power  fading  at  the  communication  photodetector.  For  the  ex¬ 
periments  described  in  this  paper,  we  aligned  the  transmitter  and  the  receiver 
in  the  laboratory  over  a  distance  of  approximately  5  m.  Four  measurements 
were  used  to  evaluate  the  system  performance:  l)the  control  loop  error  signals 
for  each  Karuhnen-Loeve  mode  of  the  adaptive  optics  system  2)beacon  laser 
wavefronts  as  measured  by  the  fast  scoring  wavefront  sensor  data  at  the  trans¬ 
mitter,  3)communication  laser  wavefronts  as  measured  by  the  fast  wavefront 
sensor  data  at  the  receiver  and,  4)the  intensity  profile  of  the  communications 
beam  as  measured  by  the  video-rate  CCD  camera  at  the  receiver. 


354 


Figure  2.  Variance  of  transmitted  wavefront  at  receiver  versus  beacon  intensity. 


3  Experimental  results 

3.1  Intensity  dynamic  range 

In  the  first  experiment  we  varied  the  intensity  of  the  beacon  beam  that  was 
incident  on  the  control  loop  wavefront  sensor  and  monitored  the  wavefront  of 
the  communication  beam  at  the  receiver.  The  only  aberrations  come  from  the 
room  air  flow  and  were  measured  to  be  approximately  0.1  nmRMS  over  the  20 
cm  diameter  beam.  The  results  are  presented  in  Fig.  2.  Because  the  system 
was  subject  to  tip-tilt  offset  caused  by  the  use  of  neutral-density  filters,  we 
plotted  the  time  variance  of  the  RMS  optical  path  difference  (OPD).  As  can 
be  observed  in  this  figure,  when  the  beacon  intensity  is  too  weak,  the  wavefront 
sensor  is  CCD-noise  limited  and  the  OPD  variance  increases  indicating  that 
the  control  loop  diverges.  When  the  beacon  intensity  is  too  high,  the  control 
camera  saturates,  the  wavefront  sensor  spot  images  smear,  the  error  increases, 
and  the  control  loop  diverges.3  These  results  were  confirmed  from  out-of-range 
error  signals.  From  Fig.  2  we  conclude  that  the  intensity  dynamic  range  of 
our  adaptive  optics  system  is  approximately  20  to  30  dB  corresponding  to  the 
dynamic  range  of  the  8-bit  control  loop  camera. 

3.2  Partially  blocked  wavefront  sensor 

Field-test  results  have  indicated  that  the  wavefront  of  a  1  km  propagated  laser 
beam  can  be  heavily  scintillated.4  Consequently,  the  propagated  beacon  beam 
intensity  distribution  can  fall  beyond  the  dynamic  range  of  our  adaptive  optics 
system.  In  the  following  experiment,  we  simulated  the  effect  of  heavy  scintilla¬ 
tion  by  partially  blocking  either  one  half  or  one  quarter  of  the  input  aperture 


Figure  3:  Focal  plane  image  of  transmitted  beam  in  (top)  open  loop  and  (bottom)  closed 
loop  when  control  wavefront  sensor  is  (left)  unblocked,  (middle)  25%  blocked  and  (right) 
50%  locked. 


Table  1:  Results  of  partially  blocked  wavefront  sensor  experiment. 


Fraction 

Blocked 

(%) 

Error  Signal 
(a.u.) 

Open  Loop/Closed  Loop 

Transmitted  Wavefront 

((“sms) 

Open  Loop/Closed  Loop 

Beacon  Wavefront 
[nrriRMs) 

Open  Loop/Closed  Loop 

0 

4.8/0.8 

4. 8/0. 8 

25 

2.3/0.25 

4.8/0. 6 

4.8/0.6 

50 

2.3/2. 2 

4.8/1.4 

4.8/1.4 

Reference 

0.1/0.1 

of  the  control  loop  wavefront  sensor.  The  other  diagnostic  apparatus  remained 
unblocked.  In  addition,  we  generate  a  static  aberration  by  intentionally  defo- 
cusing  the  transmit  telescope.  Focal  plane  images  of  the  communication  beam 
at  the  receiver  are  shown  in  Fig.  3.  The  corresponding  error  signal  and  wave- 
front  results  axe  summarized  in  Table  1.  Fig.  3  illustrates  that  the  adaptive 
optics  system  compensates  for  static  defocus  when  the  wavefront  sensor  can 
make  an  accurate  measurement.1,2  However,  when  50  %  of  the  wavefront  sen¬ 
sor  was  blocked  the  control  loop  diverged.  This  conclusion  is  confirmed  by 
Table  1.  We  believe  that  even  though  the  wavefront  sensor  is  capable  of  mak¬ 
ing  an  accurate  measurement  in  the  unblocked  area,  the  noise  resulting  from 
the  blocked  area  dominates  the  modal  error  signals  and  prevents  the  control 
loop  from  converging. 

3.3  Plexiglass  aberrators 

In  this  experiment  we  wanted  to  test  the  ability  of  the  system  to  compensate 
for  high  order  aberrations.  We  placed  a  plexiglass  sheet  halfway  between  the 
transmitter  and  the  receiver.  Focal  plane  images  of  the  transmitted  communi- 
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Figure  4:  Focal  plane  image  of  transmitted  beam  in  (top)  open  loop  and  (bottom)  closed 
loop  (left)  the  absence  of  aberrator,  in  the  presence  of  (middle)  a  weak  plexiglass  aberrator 
and  (right)  a  stronger  plexiglass  aberrator. 


Table  2:  Experimental  results  of  plexiglass  aberration  compensation. 


Plexiglass 

Error  Signal 
(a.u.) 

Open  Loop/Closed  Loop 

Transmitted  Wavefront 
(ftm-RMs) 

Open  Loop/Closed  Loop 

Beacon  Wavefront 
(nmRMs) 

Open  Loop/Closed  Loop 

Sheet  1 

2/0.06 

1. 9/0.7 

2. 6/2. 3 

Sheet  2 

3.3/2.3 

4.0/4. 1 

4. 1/4.0 

H  •' ,  I  I 

0.3/0.04 

0.1/0.1 

0.1/0.1 

cation  beam  are  shown  in  Fig.  4.  The  corresponding  error  signal  and  wavefront 
results  are  summarized  in  Table  2.  These  experimental  results  indicate  that  the 
system  can  compensate  for  weak  random  aberrations.  However,  when  random 
aberrations  are  larger,  the  loop  diverges.  Note  that  although  the  system  was 
able  to  compensate  for  4.8  lutirms  of  defocus  OPD(see  Sec.  3.2),  the  system 
is  not  able  to  compensate  for  the  4.0  nmRMs  of  random  OPD. 

In  Fig.  5  we  plotted  the  error  signal  for  each  of  the  control  modes  in  both 
open  and  closed  loop  for  the  two  plexiglass  aberrators.  As  apparent  in  the 
figure,  the  adaptive  optics  system  compensated  each  one  of  the  10  selected 
modes  in  the  case  of  the  first  aberrator.  However,  in  the  case  of  the  second 
aberrator,  even  though  the  system  compensated  for  tip  and  tilt,  it  did  not 
compensate  fully  for  the  higher  modes.  This  result  is  consistent  with  those  of 
Table  2  and  Fig.  4.  Future  work  will  determine  whether  this  limitation  results 
from  the  wavefront  sensor,  the  deformable  mirror  or  the  modal  reconstructor. 
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Figure  5:  Control  open  and  closed  loop  error  signal  for  each  Karhunen-Loeve  mode  when 
laser  beams  were  distorted  by  two  different  plexiglass  sheets. 


4  Summary 

In  summary  we  have  shown  that  a  Shack-Hartmann-based  adaptive  optics  sys¬ 
tem  can  provide  wavefront  correction  for  a  communication  beam  propagating 
through  static  aberrations.  However,  if  the  beacon  beam  is  heavily  scintillated 
at  the  receiver  or  highly  distorted,  we  have  demonstrated  that  the  system  may 
not  improve  the  quality  of  the  communication  beam. 
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The  implementation  of  a  wavefront  curvature  sensor  to  measure  atmospheric  turbulence  over 
horizontal  paths  is  described.  These  measurements  are  important  for  defining  adaptive  optical 
systems  for  imaging  along  such  paths.  Currently  little  is  known  about  the  expected 
turbulence  structure  so  the  sensor  is  to  be  deployed  to  measure  many  atmospheric  quantities 
in  sufficient  detail  and  over  a  long  period  of  time  so  a  library  can  be  constructed  giving 
atmospheric  conditions  for  any  particular  time  period.  By  using  this  information  AO  systems 
can  be  more  accurately  defined  to  cope  with  horizontal  imaging  situations.  The  sensor  is  a 
novel  device  using  the  intensity  transport  equation  to  calculate  the  wavefronts  from 
information  collected  using  a  distorted  grating. 


1  Introduction 

We  are  interested  in  imaging  along  extended  path  through  the  earth-atmosphere 
boundary  layer.  With  the  advent  of  high-resolution  imaging  most  people  have  been 
concerned  with  looking  at  stars  and  other  celestial  bodies,  as  a  consequence  there 
has  been  a  lot  of  research  on  the  turbulent  properties  of  the  atmosphere  when 
viewing  vertically.  In  contrast  little  work  has  been  done  on  characterising  turbulent 
properties  of  the  atmosphere  when  looking  in  a  near  horizontal  direction.  Described 
is  a  long-term  experiment  that  will  be  deployed  to  measure  turbulent  properties  of 
the  atmosphere  in  a  horizontal  direction  using  a  novel  wavefront  sensor  based  on 
finding  a  solution  to  the  intensity  transport  equation  and  using  a  distorted  grating  to 
extract  the  raw  information.  By  using  this  sensor,  data  will  be  gathered  to  give  a 
description  of  the  properties  of  the  atmosphere  enabling  future  AO  systems  to  be 
defined  and  their  performance  evaluated  more  easily. 


2  Description  of  Wavefront  Sensor 

The  wavefront  sensor  has  four  distinct  components,  as  seen  in  Figure  1. 


©  British  Crown  Copyright  1999.  Published  with  the  permission  of  the  Defence 
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Figure  1.  Schematic  of  the  wavefront  sensor  system. 


2. 1  The  telescope 

The  telescope  is  a  standard  Celestron  eleven-inch  (280mm)  diameter  telescope  (CG- 
1 1),  and  has  a  focal  ratio  of  10.  It  has  not  been  modified  in  anyway  except  for  new 
mounting  points  on  the  case  enable  it  to  be  bolted  directly  to  the  optical  breadboard. 
As  it  is  not  always  practical  or  desirable  to  illuminate  the  telescope  using  an 
external  source  when  checking  and  aligning  the  optics,  a  fibre-fed  reference  source 
has  been  used,  that  is  positioned  at  the  same  focal  position  as  the  telescope  and  has 
the  same  focal  ratio.  Using  the  reference  enables  easy  alignment  of  the  optics  and 
gives  a  consistent  source  for  testing  the  equipment. 


2.2  The  focus  and  the  telescope  pointing  correction 

It  was  initially  envisaged  that  the  telescope  focus  would  be  adjusted  by  motorising 
the  focus  control  on  the  telescope.  After  some  experimentation  it  was  concluded 
that  due  to  the  image  wander  that  occurs  as  the  focus  is  moved,  it  would  be 
unacceptable  to  use  the  control  in  this  manner.  An  alternative  was  to  include  a  pair 
of  lenses  to  collimate  and  then  refocus  the  light,  with  the  former  lens  mounted  on  an 
electrically  operated  translation  stage  that  enables  the  focus  to  be  adjusted  to  fixed 
pre-calculated  positions  according  to  the  range  of  the  source  being  viewed.  The 
second  lens  then  refocuses  the  light  to  give  a  known  focal  position  for  the  system. 
The  next  section  in  the  optical  train  is  the  pointing  correction  system.  It  is  a  small 
tip  tilt  mirror  that  was  included  as  the  telescope  and  breadboard  are  to  be  mounted 
on  an  Andrew  Kintec  pan  and  tilt  mount,  which  has  a  resolution  of  0.05°.  Due  to 
the  small  field-of-view  of  the  wavefront  sensor  it  is  necessary  to  correct  the 
pointing.  The  mount  would  point  at  the  source,  and  then  the  tip/tilt  mirror  would 
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make  fine  corrections  to  the  incoming  light  to  enable  it  to  pass  through  the  centre  of 
the  wavefront  sensor  optics.  Inserted  at  the  end  of  this  section  is  a  standard  Hitachi 
CCD  video  camera  that  is  used  to  monitor  the  light  entering  the  system,  and 
provides  feedback  to  the  computer  to  control  the  focus  and  tip/tilt  sections  described 
previously.  By  ensuring  that  the  image  on  this  camera  is  in  focus  and  at  the  centre 
gives  a  reference  point  for  the  image,  thus  ensuring  that  the  entire  system  is  aligned 
to  this  point  enables  easy  alignment  of  the  optics. 

2.3  Wavefront  sensor 

Once  the  light  has  been  corrected  for  focus  and  pointing,  it  is  split  into  two  channels 
feeding  the  wavefront  sensor  and  the  science  sensor.  The  heart  of  the  wavefront 
sensor  is  a  distorted  grating  that  supplies  three  images  to  the  camera  [1],  The 
central  image  is  a  focused  image,  the  outer  two  images  (the  first  orders)  are  images 
before  and  after  focus.  These  images  are  used  to  calculate  the  shape  of  the 
incoming  wavefront  [2].  For  the  expected  atmospheric  perturbations,  it  has  been 
estimated  that  the  effective  plane  separation  needed  is  ±400m  either  side  of  the 
pupil  plane.  The  images  are  recorded  on  a  Dalsa  CA-D1  camera,  which  has  a 
format  of  128x128  pixels. 

2.4  The  science  sensor 

The  second  channel  of  light  is  used  to  form  an  image  on  the  science  camera,  which 
is  an  identical  Dalsa  CA-D1  camera.  The  relay  lens  has  been  chosen  to  give  well- 
sampled  images  from  the  telescope  given  by  the  Nyquist  criterion,  so  the  recorded 
images  will  contain  diffraction-limited  information  from  the  telescope.  The  two 
Dalsa  CA-D1  cameras  are  slaved  together  using  a  Bitflow  Road  Runner  frame 
grabber  card,  and  using  10  Industries  software  enables  the  system  to  capture  data 
simultaneously  from  both  cameras  at  a  frame  rate  of  736  frames  per  second.  The 
data  is  stored  in  real-time  to  a  stack  of  hard  disks  with  a  total  of  24Gb  of  storage, 
enabling  data  runs  in  excess  of  18  minutes  to  be  taken.  This  system,  provided 
through  Alrad  Ltd  is  now  functioning  reasonably  well,  although  there  remain 
isolated  problems  with  the  data  collection  from  the  cameras. 
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Figure  2.  Photograph  of  the  wavefront  sensor 


2.5  Other  equipment  issues 

The  wavefront  sensor  is  intended  for  deployment  at  DERA  Defford,  where  it  will 
automatically  take  data  at  certain  times  of  the  day  and  night.  This  requirement 
means  that  the  entire  operation  is  being  geared  towards  automatic  computer  control. 
To  enable  this,  there  is  a  central  computer  that  controls  the  pan/tilt  mount,  the 
focus/tip/tilt  system  on  the  sensor,  and  has  a  feed  from  the  video  camera.  It  is  also 
connected  over  a  network  link  to  the  computer  that  runs  the  Dalsa  cameras.  This 
central  computer  will  orchestrate  all  aspects  of  the  system  control  by  either  issuing 
commands  itself,  or  delegating  operations  to  other  computers  on  the  network. 
Another  computer  is  planned  that  will  automatically  reduce  the  data  into  useable 
information  that  can  then  be  downloaded  from  the  system  to  a  remote  site,  again 
over  the  network.  The  entire  breadboard  is  enclosed  in  a  light  aluminium  cover  to 
protect  the  optics  from  the  environment,  and  thermostatically-controlled  heating 
cables  are  attached  around  the  breadboard  to  keep  the  system  at  a  constant 
temperature  and  prevent  dew  forming  on  the  equipment. 

2.6  Light  sources 

Initially  the  wavefront  sensor  will  be  used  for  accurate  characterisation  of  the 
atmosphere  so  a  bright  point  source  is  required.  Ideally  these  would  be  lasers,  but 
due  to  regulations  it  is  not  desirable  to  have  these  unsupervised.  Additionally  due  to 
the  coherence  of  lasers  artefacts  such  as  fringe  patterns  will  be  imposed  on  the 
recorded  data  due  to  stray  reflections  within  the  optics.  To  enable  ‘clean’ 
reconstructions  of  the  wavefront  it  is  imperative  that  such  problems  be  minimised. 
At  the  present  time  it  is  thought  that  for  sources  close  to  the  system  (under  5km) 
simple  light  emitting  diodes  with  suitable  optics  will  suffice,  however  above  5km 
the  power  requirements  become  such  that  the  only  viable  source  may  be  several 
laser  pig-tailed  together  to  decohere  the  source. 
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3  Measurements 

Unfortunately  due  to  problems  with  the  camera  system  and  the  pan  and  tilt  mount, 
the  wavefront  sensor  has  still  to  be  deployed.  It  is  currently  undergoing  final 
construction  and  testing  in  the  laboratory  and  deployment  is  anticipated  within  the 
next  six  weeks.  Laboratory  validation  of  the  wavefront  sensor  using  a  distorted 
grating  is  near  completion  and  has  been  reported  elsewhere  at  this  meeting  [1], 
Initial  experiments  will  involve  measuring  the  wavefronts  from  a  single  point-like 
source  at  approximately  1km  from  the  sensor.  By  calculating  the  wavefronts,  and 
using  the  science  camera  to  measure  the  image,  the  two  pieces  of  information  can 
be  checked  with  each  other  to  ensure  that  the  sensor  is  functioning  correctly. 
Further  an  average  of  many  wavefronts  can  also  be  used  to  measure  the  aberrations 
present  within  the  system  as  this  has  the  effect  of  averaging  the  atmospheric 
perturbations,  leaving  only  the  static  aberrations  due  to  the  sensor  system.  Once  the 
system  has  been  tested,  it  will  then  be  used  to  measure  the  atmospheric 
perturbations  on  wavefronts  arriving  from  sources  of  different  ranges,  which  will 
enable  information  to  be  gathered  about  the  strength  of  the  turbulence  for  different 
path  lengths.  It  should  be  possible  with  the  site  chosen  for  the  sensor  to  measure 
path  lengths  in  excess  of  10km.  A  further  extension  is  intended  to  use  two  or  three 
sources  within  the  field  of  view  of  the  telescope  to  try  and  collect  data  about  the 
spatial  distribution  of  the  turbulence.  By  using  two  or  three  sources  it  is  possible  to 
separate  the  turbulence  into  distinct  regions  where  the  light  from  the  sources  do  not 
overlap,  partially  overlap  and  fully  overlap. 


As  the  sources  are  separated  spatially,  then  the  data  on  the  wavefront  sensor  is 
also  separated,  so  for  each  source  an  independent  measurement  of  the  wavefront  can 
be  calculated.  From  Figure  3  it  is  evident  that  the  wavefronts  will  be  correlated  in 
some  complex  fashion,  as  the  light  travels  from  each  source  through  both  the  same 
and  different  regions  of  turbulence.  By  measuring  the  correlations  of  the 
wavefronts  in  both  spatial  and  temporal  domains,  it  will  be  possible  to  extract  useful 
tomographic  information  from  the  data  in  a  similar  scheme  to  SCIDAR  [3].  In 
addition  to  but  not  simultaneously  with  the  tomography  of  the  turbulence,  it  is 
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anticipated  that  the  chromatic  properties  of  the  turbulence  will  be  studied.  A 
polychromatic  source  could  be  achieved  by  coupling  several  lasers  together  using 
fibre  couplers.  It  is  possible  to  disperse  the  light  across  the  sensor,  so  wavefronts 
can  be  constructed  for  each  wavelength  used.  If  three  colours  are  used  then  it  would 
be  possible  to  measure  the  turbulence  effects  at  these  three  wavelengths 
simultaneously. 


4  Future  developments 

The  measurements  above  describe  only  the  first  stage  for  the  wavefront  sensor 
system.  Once  the  sensor  has  been  deployed  and  is  gathering  data,  then  a  fast  tip/tilt 
mirror  with  quad  cell  will  be  introduced  into  the  system  to  stabilise  the  image.  The 
hardware  and  software  for  this  section  of  the  AO  system  is  in  an  advanced  stage  of 
development,  and  is  planned  to  be  completed  within  the  next  few  months.  Once 
these  building  blocks  are  in  place,  then  a  full  AO  system  will  be  designed  and 
incorporated  onto  the  breadboard.  The  wavefront  sensor  described  above  will  be 
modified  to  enable  real-time  signals  to  be  generated  to  control  a  deformable  mirror. 
Depending  on  the  design  of  the  mirror,  it  may  be  possible  to  implement  a  control 
scheme  with  very  little  processing,  as  the  wavefront  sensor  detects  curvatures  and 
the  mirrors  are  operated  on  a  curvature  basis. 


5  Conclusion 

A  complete  system  for  measuring  horizontal  atmospheric  turbulence  in  the  optical 
region  has  been  described.  It  uses  a  novel  wavefront  sensor  based  on  the  intensity 
transport  equation,  and  uses  a  distorted  grating  to  gather  the  necessary  information. 
Two  synchronised  Dalsa  CCD  cameras  are  used  to  measure  the  curvature 
information  and  the  image  in  real-time  over  several  minutes  to  enable  good  statistics 
to  be  derived  from  the  data. 
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A  laser  communications  demonstration  experiment  (LODE)  between  the  Commu¬ 
nications  Research  Laboratory  in  Tokyo  and  the  International  Space  Station  is 
being  designed  and  implemented.  To  efficiently  couple  the  downlink  laser  beam 
into  a  single-mode  Erbium-doped  preamplifier  and  to  reduce  uplink  beam  wander 
and  scintillations,  we  plan  to  use  low-order  adaptive  optics.  The  envisaged  sys¬ 
tem  dithers  the  wavefront  actuators  and  evaluates  the  resulting  variations  of  the 
received  optical  power.  Simulation  shows  that,  when  controlling  tilt,  focus,  and 
astigmatism,  the  power  penalty  due  to  residual  wavefront  error  amounts  to  2.3dB. 


1  Introduction 

The  high  bandwidth  offered  by  free-space  lightwave  communication  systems 
makes  them  very  attractive  for  future  satellite  networks  requiring  intersatellite 
links  of  the  order  of  1  Gbit/s.  Also,  the  large  amounts  of  data  gathered  by 
Earth-observing  satellites  or  manned  spacecraft  could  be  easily  downloaded 
to  Earth  in  a  relatively  short  time. 

To  demonstrate  the  advantages  of  free-space  laser  communications,  the 
Communications  Research  Laboratory  (CRL)  is  implementing  an  experimen¬ 
tal  link  between  its  optical  ground  station,  situated  in  a  western  suburb  of 
Tokyo,  and  the  Japanese  Experimental  Module  (JEM),  which  is  part  of  the 
International  Space  Station.1  The  aims  of  this  project  axe  (1)  to  realize  a 
compact,  light-weight  optical  terminal,  utilizing  components  and  subsystems 
already  developed  for  terrestrial  fiber  communications,  (2)  to  demonstrate  de¬ 
tection  and  ranging  of  space  debris,  and  (3)  to  demonstrate  the  feasibility  of 
a  space-to-ground  link  using  a  ground  station  equipped  with  adaptive  optics 
(AO).  Table  1  summarizes  the  key  parameters  of  the  communications  link. 
To  make  maximum  use  of  terrestrial  fiber  technology,  both  the  uplink  and  the 
downlink  wavelength  have  been  chosen  to  lie  in  the  1.5/rm  wavelength  band. 
Erbium-doped  power-  and  pre-amplifiers  will  be  employed  in  both  terminals. 
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Parameter 

Downlink 

Uplink 

Wavelength 

1.552/rm 

1.562/im 

Data  rate 

2.5Gbit /s 

1.2Gbit/s 

Output  power 

0.4W 

1W 

Modulation  scheme 

intensity  modulation 

Transmit  telescope  diameter 

15cm 

10cm 

Receive  telescope  diameter 

50cm 

15cm 

Detection  scheme 

direct  detection 

Sensitivity  (bit-error  rate:  10-9) 

90photons/bit 

Table  1.  Key  parameters  of  the  Laser  Communications  Demonstration  Experiment 


Also,  the  modulation  scheme  is  compatible  with  terrestrial  systems. 

At  the  ground  station,  the  optical  radiation  received  from  JEM  has  to  be 
fed  to  the  optical  pre-amplifier  in  a  single  spatial  mode.  Hence,  diffraction- 
limited  performance  of  the  optical  system  is  required.  Measurements  of  the 
atmospheric  turbulence  at  A  =  0.8/xm  revealed  Fried’s  coherence  length  ro  to 
be  between  5cm  and  9cm.2  For  A  —  1.55/zm  and  a  receive  telescope  diameter 
of  Dr  =  50cm,  one  calculates  2.5  <  Dr/r0  <  4.5,  a  range  that  suggests  the 
use  of  low-order  adaptive  optics. 

2  Design  of  adaptive  optics  system 

The  block  diagram  shown  in  Figure  1  gives  an  overview  of  the  adaptive  optics 
system  to  be  implemented.  The  interfaces  are  CRL’s  1.5m  telescope  on  one 
side  and  a  fiber-coupled  transmitter /receiver  pair  on  the  other  side.  Acquisi¬ 
tion  and  coarse  pointing  will  be  handled  by  separate  subsystems. 

The  downlink  beam  passes  through  the  telescope  (used  subaperture: 
0.5m,  magnification:  20)  and  is  reflected  by  a  fast  steering  mirror  and  a 
13-electrode  bimorph  mirror  (CILAS  model  BIM-13).  A  quarter-wave  plate 
converts  the  circular  state  of  polarization  into  a  linear  one.  Then  the  beam 
passes  a  polarization  splitter,  which  is  used  to  superimpose  the  uplink  beam. 
Finally,  the  beam  is  truncated  to  its  final  diameter  (2.5cm)  and  coupled  into 
a  polarization-maintaining  single-mode  waveguide  by  a  lens. 

With  the  fast  steering  mirror  and  the  deformable  mirror,  the  adaptive 
optics  system  is  able  to  correct  five  optical  aberrations:  tilt  (2),  focus  (1),  and 
astigmatism  (2).  In  order  to  estimate  and  compensate  the  current  wavefront 
parameters,  we  make  use  of  the  well-known  multidither  concept:3  Each  para¬ 
meter  is  dithered  sinusoidally,  and  the  resulting  oscillation  of  the  quantity 
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Figure  1.  Block  diagram  of  the  adaptive  optics  laser  communications  system 


to  be  maximized  (i.e.  the  optical  power  coupled  into  the  receiver)  is  syn¬ 
chronously  demodulated.  The  such  gained  error  signal  is  then  fed  into  a  loop 
filter,  followed  by  an  integrator.  The  integrator’s  output  is  finally  added  to  the 
dither  signal,  and  the  resulting  signal  drives  the  corresponding  actuator (s). 

For  the  five  control  loops  to  operate  independently,  the  dither  signals 
have  to  be  orthogonal  to  each  other.  This  is  best  accomplished  by  using  sine 
and  cosine  at  three  different  dither  frequencies.  Since  the  bandwidth  of  the 
deformable  mirror  is  limited,  we  plan  to  assign  the  highest  dither  frequency 
to  the  fast  steering  mirror. 

For  the  control  loops  to  lock,  the  angle  of  the  incident  wave  has  to  lie  well 
within  the  field  of  view  of  the  telescope,  which  is  about  X/Dr  «  3.1/rrad.  Un- 
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fortunately,  the  RMS  value  of  the  residual  error  associated  with  the  telescope’s 
coarse  pointing  unit,  is  much  larger.  Hence,  a  means  for  angular  acquisition 
needs  to  be  provided  separately. 

To  this  end,  a  novel  device,  based  on  multi-layer  polymeric  optical  wave¬ 
guides,  has  been  developed:4  Within  the  focal  plane  of  the  receiving  lens,  the 
single-mode  waveguide,  nominally  carrying  the  communication  signal,  is  sur¬ 
rounded  by  four  closely  spaced  multi-mode  waveguides  with  rectangle-shaped 
cores.  During  initial  acquisition,  the  optical  powers  coupled  into  those  wave¬ 
guides  are  measured  by  optical  power  sensors  and  evaluated  by  the  control 
unit  (see  Figure  1).  This  setup  functions  as  a  quadrant  detector  and  requires 

no  additional  adjustment. 

The  control  unit,  which  manages  acquisition  and  tracking  of  the  down  m 
beam,  will  be  implemented  by  an  off-the-shelf  DSP  system.  ... 

The  uplink  signal,  emerging  from  the  end  of  a  polarization-maintaining 
single-mode  fiber,  is  collimated  by  a  lens  and  then  deflected  by  a  steerable 
mirror  This  mirror  is  used  for  setting  the  point-ahead  angle,  i.e.  the  differ¬ 
ence  between  the  direction  of  the  transmitted  and  the  received  beam,  which 
is  necessary  to  hit  the  quickly  moving  target.  At  the  polarization  splitter, 
downlink  and  uplink  beam  are  finally  superimposed. 


3  Downlink  performance  analysis 

In  the  ideal  case,  an  adaptive  optics  system  would  completely  eliminate 
stochastic  wavefront  aberrations,  and  the  optical  receiver  would  be  fed  with 
constant  optical  power.  In  reality,  however,  residual  aberrations,  i.e.  aber¬ 
rations  the  system  doesn’t  correct  at  all  or  doesn’t  correct  perfectly ,  cause 
a  reduction  of  the  received  optical  power.  In  case  of  imperfect  correction, 
the  variance  of  each  aberration  is  influenced  by  the  power  sensors  noise,  the 
control  loops’  finite  bandwidth,  and  the  dither  signals. 

To  arrive  at  a  meaningful  expression  for  the  AO  system’s  performance, 
we  determine  the  optical  transmit  power  required  to  achieve  a  bit-error  rate 
(BER)  of  10-9  under  the  presence  of  turbulence  and  AO  control,  and  compare 
it  with  the  power  required  in  a  diffraction-limited  system.  In  a  Monte-Carlo 
analysis,  10000  different  stripe-shaped  phase  screens  are  moved  across  the 
receiver’s  aperture.  The  phase  screens,  corresponding  to  Kolmogorov  statis¬ 
tics,  are  generated  using  a  method  proposed  by  Winick.  While  moving  each 
phase  screen,  a  complete  time-domain  simulation  of  the  multidither  contro 
algorithm,  described  in  Section  2,  is  performed,  resulting  in  a  trace  of  re¬ 
ceived  power  versus  time.  From  the  trace  data,  the  distribution  function  of 
the  optical  power  is  easily  derived.  Finally,  by  applying  the  BER  formula  of  an 
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normalized  receive  power  (dB) 

Figure  2.  Cumulative  distribution  of  normalized  receive  power,  (a)  simple  AO  svstem 
removing  only  t,lt;  (b)  multidither  system;  (c)  “ideal”  second-order  AO  system 


optically  pre-amplified  direct  detection  receiver,  the  mean  BER  is  determined, 
n  Figs.  2  and  3  we  present  the  results  obtained  for  Dr/r0  =  2  5  and 

a\V  rpr. 4  r  ' ' natural  frequency  of  control  loops,  «...  effective  wind 
speed).  The  performance  of  the  multidither  system  is  almost  identical  to 
that  of  an  ideal  second-order  AO  system  which  completely  removes  tilt  fo- 
eus,  and  astigmatism.  The  probability,  that  the  received  power  is  reduced  by 
more  than  3.5dB,  is  10  .  To  maintain  a  BER  of  1(T9  under  the  presence 

ot  turbulence,  the  transmit  power  has  to  be  increased  only  by  2  3dB  For 
comparison,  if  only  wavefront  tilt  were  compensated,  the  power  would  have 
to  be  increased  by  14.7dB. 


4  Conclusion 

We  have  presented  a  preliminary  design  study  which  shows  that  a  simple 
low-order  adaptive-optics  system,  installed  in  the  optical  ground  station,  will 
significantly  improve  the  link  margin  of  the  JEM  demonstration  experiment 
lhe  proposed  system  uses  a  multidither  algorithm  for  wavefront  tracking  and 
a  local-plane  waveguide  array  for  acquisition. 


Figure  3.  Bit-error  rate  as  a  function  of  normalized  transmit  power,  (a)  simple  AO  sys¬ 
tem  removing  only  tilt;  (b)  multidither  system;  (c)  “ideal”  second-order  AO  system;  (d) 
diffraction-limited  system 
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Wavefront  control  is  a  key  issue  for  developing  different  systems  including  :  lasers  (for 
various  applications  :  isotopic  separation,  femtosecond  solid  state  lasers,  microlithography...), 
imaging  through  turbulent  media,  ophthalmology...  For  these  purposes,  we  have  developed 
an  adaptive  optics  system  that  can  achieve  wavefront  very  high  precision  correction. 
Subsystems  will  be  described  including  the  Wavefront  Sensor  (Shack-Hartman  type),  the 
Deformable  Mirror  (Bimorph  type)  and  the  Real  Time  Computer  (PC  type).  Emphasis  will  be 
made  on  results  that  can  be  obtained  using  such  a  system :  ultimate  quality  of  the  corrected 
wavefront,  measurement  range  (important  during  capture  phases)... 


1  Introduction 

Most  previous  “traditional”  Adaptive  Optics  applications  were  aimed  to  correct  for 
atmospheric  turbulence  (astronomy,  pointing  and  focusing  in  military  applications, 
space  survey...).  Guidelines  for  the  conception  of  such  systems  were  fast  response 
and  no  actual  need  for  high  precision.  In  fact,  in  most  cases,  these  systems  are 
limited,  on  the  one  hand,  by  photon  availability  for  the  measurements  and,  on  the 
other  hand,  by  the  speed  of  the  turbulence. 

As  a  result  of  this  situation,  conventional  Shack-Hartmann  wavefront  sensors 
have  been  designed  to  make  it  possible  high  speed  measurements  (up  to  a  few  kHz 
sampling  frequency).  These  sensors  generally  exhibit  a  precision  consistent  with 
these  applications  (typical :  A/20  rms). 

New  requirements  have  appeared  these  last  years.  Concerning  wavefront 
correction  of  lasers,  these  requirements  can  be  summarized  by  the  following  : 

-  High  precision  :  typical  A/10  PV,  A/60  rms  is  foreseen  in  these  applications, 

-  pretty  low  speed  :  a  sample  frequency  in  the  1  to  20  Hz  seems  to  be  enough  for  the 
correction  of  spatial  complex  shapes  that  do  not  move  quickly  with  time  as  far  as 
they  generally  result  from  thermo  mechanical  effects. 


370 


371 


For  a  Deformable  Mirror  Manufacturer,  it  appears  that  metrology  has  to  be 
dramatically  improved  to  address  the  following  questions  :  is  a  DM,  whatever  the 
type,  capable  of  that  precision  ?  If  not,  what  is  the  limitation  and  which  changes  in 
the  design  could  make  it  possible  to  reach  the  desired  quality. 

This  question  is  one  of  the  motivations  for  putting  together  on  a  bench  a  high 
precision  wavefront  sensor  and  state  of  the  art  Deformable  Mirrors.  Nevertheless,  as 
a  result  of  the  present  work,  we  are  also  able  to  derive  a  high  precision  system 
which  can  become  a  commercially  available  system  :  the  definition  of  such  a  system 
is  the  second  motivation  of  this  work. 


2  Presentation  of  the  set-up 

The  following  figure  shows  the  set-up  that  has  been  used  for  closed  loop 
performance  measurements : 


General  Presentation  of  the  experimental  set-up 


One  can  find  following  components  : 

-  HAS064  Shack-Hartmann  wavefront  sensor 
offering  high  spatial  resolution  (64x64  subapertures) 

-  BIM31  Deformable  Mirror  (bimorph  technology) 

-  PC  work  station  to  perform  closed  loop  calculations 

-  ZYGO  phase  shift  interferometer  to  measure  performances 
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3  The  HAS064  WaveFront  Sensor 


3. 1  General  description  of  the  HASO  64 

One  can  see  on  following  figure  a  schematic  representation  of  the  HASO  64.  This 
system  is  based  on  the  Shack  Hartmann  technology.  Moreover,  this  system  is  very 
compact  :  the  distance  between  the  micro  lens  array  and  the  CCD  is  less  than  10 
mm. 

There  are  64  x  64  sub-apertures  (4096  microlenses).  The  chosen  CCD  gets 
1024  x  1024  pixels. 


This  system  is  pre-calibrated,  that  is  to  say  that  it  can  be  used  to  measure 
“absolute  wavefront”  :  one  do  not  need  to  have  a  reference,  the  HASO  64  measures 
the  absolute  shape  of  the  incoming  wavefront  with  an  accuracy  better  then  A/100 
rms. 

It  can  work  in  a  “referenced  mode”  :  in  this  case,  the  system  computes  the 
difference  between  the  incoming  wavefront  and  a  reference  measured  in  the  same 
configuration  of  tilts  and  focus.  In  this  mode,  the  accuracy  is  better  than  A/200  rms 
on  a  40  A  stroke. 

Due  to  the  CCD,  the  HASO  64  can  measure  wavefront  with  a  wavelength 
ranging  between  350  nm  and  1.1  pm. 

The  other  major  characteristics  of  this  system  are  : 

•  Local  slopes  errors  lower  than  10  prad  rms  in  absolute  mode. 

•  Local  slopes  errors  lower  than  6  prad  rms  in  referenced  mode. 

•  Huge  dynamic  :  more  than  1000  A. 
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This  stroke  allows  the  system  to  work  with  very  convergent  and  divergent 
beams.  Beams  can  be  focalized  40  mm  forward  or  backward  the  microlens  array. 
So,  users  can  use  the  HASO  64  to  align,  characterize  and  improve  lenses  and  optical 
bench  quality  without  any  need  to  collimate  the  beam  in  front  of  the  sensor. 


3.2  HASO  64  specificity  for  adaptive  optics 

We  have  first  to  notice  that  deformable  mirors  can  not  for  correct  high  spatial 
frequencies  aberrations.  This  limitation  is  due  to  the  limited  number  of  actuators. 
The  value  of  this  spatial  frequency  limitation  is  theoretically  fixed  between  Shannon 
frequency  and  twice  Shannon  frequency  of  actuators  spatial  geometry.  The 
deformable  mirror  acts  like  a  spatial  frequencies  filter. 

So,  if  the  SH  that  drives  the  deformable  mirror,  introduces  errors  with  spatial 
frequencies  above  the  Shannon  or  twice  Shannon  frequency  of  the  mirror,  these 
errors  will  not  be  injected  in  the  correction  because  the  deformable  mirror  can  not 
fit  the  corresponding  shapes.  On  the  other  hand,  if  the  wavefront  sensor  introduces 
errors  with  spatial  frequencies  below  Shannon  or  twice  Shannon  frequency  of  the 
mirror,  all  these  errors  will  be  directly  injected  in  the  correction. 

Thanks  to  their  optimized  configuration  and  software,  HASO  systems  are  able 
to  reject  Shack  Hartmann  errors  at  a  high  spatial  frequencies  range. 

Shack  Hartmann  errors  we  are  talking  about,  are  “non  random”  errors  on  slopes 
calculations  like  crosstalk  between  spots  and  errors  on  centroids  calculations. 

We  compare,  on  the  following  figure,  results  of  2  different  configurations  and 
software  for  Shack  Hartmann  sensors.  They  have  the  same  number  of  sub¬ 
apertures  :  64  x  64.  One  of  them  is  an  HASO  64  with  optimized  configuration  and 
software  (on  the  left  side),  the  other  one  has  a  conventional  configuration  (like  for 
astronomy)  and  conventional  centroids  calculation  (on  the  right  side). 


Amount  of  slopes  errors  injected  in  the  deformable 


of  the  deformable  mirror 
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The  curves  represent  slopes  errors  values  versus  spatial  frequencies.  In  fact, 
these  curves  are  the  power  spectral  density  of  slopes  errors,  that  is  to  say  they  are 
the  square  module  of  Fourier  Transform  of  slopes  errors. 

With  the  HASO  64  configuration,  the  lowest  slopes  errors  values  are  at  the 
lowest  spatial  frequencies  and  most  of  errors  are  rejected  in  a  high  spatial  frequency 
range.  On  the  other  hand,  most  of  slopes  errors  are  at  a  very  low  spatial  frequency 
range  in  the  case  of  the  conventional  configuration.  In  this  example  the  amount  of 
slope  errors  injected  in  the  mirror  command  is  4  times  bigger  for  the  conventional 
configuration  than  for  the  HASO  configuration. 

Thanks  to  their  specific  configuration  and  software,  HASO  systems  can  drive 
deformable  mirrors  with  ultimate  accuracy  (A/200  rms)  and  actually  improve  close 
loop  performances. 


4  The  BIM31  Deformable  Mirror 

The  following  figure  shows  the  configuration  of  the  31  electrode  Bimorph 
deformable  mirror  that  has  been  used  : 


■ocal  curvature  effect 


-v=o  v>o  llpra 

Bimorph  principle 


BIM31  electrode  pattern 

19  electrodes  act  like  curvature  actuators  and  are  situated  inside  the  clear  aperture. 
The  third  ring  of  electrodes  is  situated  outside  the  pupil  and  corresponding  12 
electrodes  are  used  for  boundary  conditions  at  the  edge  of  this  pupil.  The  preceding 
figure  shows  how  local  curvature  is  generated  on  such  a  mirror  using  differential 
transverse  deformations  of  2  piezoelectric  plates.  The  mirror  exhibits  following 
characteristics : 


Mirror  Surface 

-  Polished  glass  optical  surface  onto  piezoelectric  material 

-  Protected  silver  coating  (Reflectivity  >  97%  for  0.6  <  X  <  10.6  pm) 
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-  Optical  surface  roughness  <  0.5  nm  r.m.s. 

Mirror  performances 

-  Full  mechanical  strokes  (@  ±  400  V  voltage  on  electrodes) : 

10  pm  peak  to  valley  for  low  spatial  frequencies 
4  pm  peak  to  valley  (only  one  electrode  driven) 

-  Mirror  tilt  capability  :  +  0.2  mrad  : 

-  Hysteresis  :  <  6%  for  a  +  400  V  cycle 

-  First  resonance  frequency :  >  2.5  kHz 

Concerning  mirror  flatness,  previous  closed  loop  measurements  have  demonstrated 
A/20  rms  quality  on  the  reflected  wavefront.  Nevertheless,  we  have  to  mention  that 
limitation  was  mainly  due  to  wavefront  sensing  :  for  instance  rejection  of  defocus 
and  astigmatism  was  not  perfect  although  we  know  from  models  that  bimorph 
mirror  is  perfectly  adapted  for  the  correction  of  such  modes. 


5  The  control  computer  and  associated  software 

Following  figure  describes  the  hardware  used  for  the  closed  loop.  It  makes  use  of  a 
standard  PC  equiped  with  a  wavefront  sensor  interface  board  and  a  digital  to  analog 
conversion  board. 


Standard  PC  Configuration  Analog  Acquisition 

(Including  two  boards)  Output  Board  Board 


Technical  caracteristics  : 
Pentium  II  400MHz, 

128  Mo  RAM. 


Technical  caracteristics : 
96  channels, 

12  bits  resolution, 
[-10V.+10V]  range. 


Technical  caracteristics 
8  simultaneous  inputs, 
20  Mpix/s  rate. 


$  ft 


To  Deformable  Mirror  From  Wavefront  Sensor 

Concerning  software,  Adaptive  Optics  Software  is  a  multithread  application  running 
under  Windows  NT4. 


AO  Software  present  following  Functionalities  : 
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-  Mirror  Command  (voltage  outputs  in  open  loop), 

-  AO  System  Calibration  (reference  slopes  and  interaction  matrix), 

-  AO  System  Control  (mirror  command  in  closed  loop). 

-  AO  Graphic  User  Interface  is  a  multi-windows  interface  developed  with 
Labviews  (National  Instruments). 

AO  Software  performance  leads  to  a  closed  loop  refreshment  rate  of  10  Hz  in  the 
BIM31-HAS064  configuration. 


6  Experimental  results 


6. 1  Performance  of  the  sensor 

The  following  sequence  was  used  fot  the  Test  of  the  control  loop  : 

-  Drive  BIM31  to  a  random  reference  shape  by  applying  a  set  of  voltages  to  the 
electrodes 

-  Record  corresponding  shape  Shi  with  Zygo  interferometer 

-  Record  reference  slopes  SI  on  HAS064  shack-Hartmann  wavefront  sensor 

-  Suppress  voltages  from  the  BIM3 1  (mirror  is  now  in  rest  position) 

-  Close  the  loop  in  order  to  reach  reference  slopes  SI 

-  Record  corresponding  shape  Sh2  with  Zygo  interferometer 

-  Compare  Shi  and  Sh2 

Clearly,  this  sequence  allows  the  measurement  of  the  wavefront  sensor  accuracy.  In 
fact,  the  only  assumption  is  that  the  DM  can  get  during  closed  loop  the  same  shape 
than  during  reference  measurement. 

Quality  of  17nm  PV,  3nm  rms  (mechanical  shape)  was  observed  during  this 
measurement  set  which  is  close  to  the  accuracy  of  phase  shift  high  quality 
interferometers. 


6.2  Performance  of  the  deformable  mirror 

The  following  sequence  was  used  for  the  Test  of  the  BIM31  Deformable  Mirror: 

-  Replace  BIM3 1  with  a  flat  reference  mirror 

-  Record  corresponding  shape  Shi  with  Zygo  interferometer 

-  Record  reference  slopes  SI  on  HAS064  wavefront  sensor 

-  Put  BIM31  Deformable  Mirror  back  (mirror  is  in  rest  position) 

-  Close  the  loop  in  order  to  reach  reference  slopes  SI 

-  Record  corresponding  shape  Sh2  with  Zygo  interferometer 

-  Compare  Shi  and  Sh2 

Quality  of  67nm  PV,  lOnm  rms  (DM  mechanical  shape)  was  observed  during  this 
measurement  set.  These  measurements  show  that  the  flatness  of  a  flattened  BIM31 
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is  better  than  A/30  but  it  can  not  allow  to  conclude  on  the  ultimate  quality  of  such  a 
mirror  since  this  quality  is  close  to  the  one  of  the  reference  mirror. 


7  Conclusions 

High  precision  metrology  in  the  A/200  rms  range  is  now  available  for  Adaptive 
Optics  systems  thanks  to  Imagine  Optic  design  efforts  to  optimize  Shack-Harmann 
wavefront  sensors.  Additionnal  improvements  are  to  be  reached  soon  by  using  high 
precision  reference  mirrors  in  the  A/100  rms  range  :  it  opens  the  way  to  improved 
CILAS  Deformable  Mirrors  since  the  only  precision  you  can  offer  is  the  one  you 
can  measure  and  improvements  are  possible  only  if  one  can  analyze  the  limitations 
of  available  techniques. 


DEVELOPMENT  OF  A  CURVATURE  ADAPTIVE  OPTICS  SYSTEM  FOR 
A  MICHELSON  STELLAR  INTERFEROMETER 


C.  VERINAUD,  A.  BLAZIT,  A.  DE  BONNEVIE 
Observatoire  de  la  cote  d’Azur,  F-06460  Saint-Vallier-de-Thiey,  FRANCE 


The  ‘Grand  Interfrrombtre  &  Deux  Telescopes’  (GI2T)  is  a  Michelson  Stellar  Interferometer.  The 
interferometric  signal,  i.e.  the  fringe  contrast,  is  directly  related  to  the  high  spatial  frequencies  of 
the  object  being  observed.  Because  of  atmospheric  turbulence,  the  interferogram  in  the  image 
plane  is  spread  into  numerous  uncorrelated  fringed  speckles,  thus  the  dilution  of  light  is 
decreasing  dramatically  the  Signal-to-Noise  Ratio  (SNR).  We  plan  to  integrate  Adaptive  Optics 
(AO)  in  both  interferometric  arms.  Operating  at  visible  wavelengths,  the  correction  of  the 
atmospheric  aberrations,  although  partial,  will  concentrate  the  light  in  a  central  core  surrounded 
by  a  few  bright  speckles,  leading  to  an  enormous  increase  of  the  SNR.  We  describe  here  the 
status  of  the  development  of  the  wavefront  analysor  of  the  system  and  some  simulation  results 
will  show  the  improvement  of  the  sensitivity  of  the  interferometer  equipped  with  AO.  We  will 
also  emphasize  some  problematics  concerning  the  calibration  of  fringe  contrast  measured  on 
interferograms  corrected  by  AO. 


1  Introduction 

The  GOT  interferometer  is  composed  of  two  1.5  m  telescopes  which  can  move 
on  a  65  m  long  North-South  baseline.  A  complete  description  of  the  GET  and  its 
new  focal  instrument  has  been  given  by  D.  Mourard  [1],  The  integration  of 
Adaptive  Optics  (AO)  is  an  extension  of  the  REGAIN  (REcombinateur  pour 
GrAnd  INterferometre)  project  which  aim  is  the  renewal  of  the  whole  instrument 
after  the  promising  astrophysical  results  obtained  in  the  first  operation  runs.  The 
design  of  a  novel  optical  scheme  of  the  Curvature  Wavefront  Sensor  (CWFS) 
detection  module  is  exposed.  Some  pictures  describe  the  current  status  of  the 
construction  of  the  wavefront  sensor.  Complementary  informations  especially  about 
the  AO  optical  adaptor  for  the  REGAIN  table  can  be  found  in  [2],  Simulation 
results  stress  the  tremendous  improvement  in  sensitivity  one  can  get  by  combining 
AO  and  Interferometry.  Though,  much  care  has  to  be  taken  for  the  calibration  of 
the  fringe  contrast  measurements  as  they  depend  strongly  on  the  residual  wavefront 
errors  and  on  the  differential  piston  between  the  two  corrected  beams. 

2  Main  caracteristics  of  the  GET  Adaptive  Optics  System 


The  GET  AO  system  is  inspired  from  F.  Roddier’s  curvature  adaptive  optics 
concept  [3],  The  main  specifications  of  the  system  are  given  below: 
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1.  Corrective  element:  31  electrodes  bimorph  deformable  mirror. 

2.  Wavefront  sensor.  3 1  sub-pupils  sampled  by  an  array  of  prisms. 

3.  Wavefront  sensor  detectors:  Avalanche-Photo-Diodes  cooled  at  -20°C  and 
working  in  photon  counting  mode  with  40%  detection  efficiency  and  about 
200  electrons  per  second  of  dark  current . 

4.  Sampling  frequency:  2.5  kHz. 

5.  Maximum  closed  loop  control  bandwidth  :  >  200  Hz. 

6.  Modal  control. 

7.  Maximum  Strehl  ratio  at  r0  =  10  cm  and  wind  speed  =  10  m/s  (tel. 
Diam=1.5m):  S  =  0.35  . 

The  sensing  of  the  wavefront  curvatures  and  tilts  at  the  edges  are  performed  by 
measuring  the  intensity  distribution  in  two  out-of-focus  images.  The  detectors  used 
in  the  few  existing  curvature  systems  [4,5]  are  Avalanche-Photo-Diodes  (APD) 
working  in  photon  counting  mode,  chosen  for  their  good  sensitivity  and  zero  read¬ 
out  noise.  Usually  the  coupling  of  the  intensity  with  the  detector  is  ensured  by  a 
lens  array  and  optical  fibers.  For  the  GI2T  CWFS,  a  novel  optical  scheme  has  been 
chosen.  This  setup  is  made  of  a  single  optical  component  that  shares  the  beam  and 
focuses  the  light  coming  from  each  element  of  the  out-of-focus  images  to  the 
APD’s  sensitive  surface.  The  alignment  is  done  by  the  mechanical  structure  itself, 
the  only  degree  of  freedom  beeing  the  rotation  of  the  mosaic  of  prisms.  A  complete 
description  is  given  in  figure  1. 


3  Current  status  of  the  development  of  the  CWFS 

A  test  bench  has  been  designed  to  qualify  the  whole  AO  system  in  closed  loop 
operation  (fig.2).  Now,  the  wavefront  sensing  path  is  being  integrated  . 

The  electronic  modules  of  the  APDs  which  were  built  at  OCA  by  A.  Blazit 
have  been  successfully  tested  together  with  the  peltier  cooling  system.  The  APDs 
have  reached  the  specifications  and  have  a  linear  response  up  to  5.10s  photons  per 
second.  They  can  support  daylight  without  any  damage  and  saturate  only  at  more 
than  3.106  photons  per  second.  The  figure  3  is  a  snapshot  of  the  31  APDs 
embedded  in  the  cooling  device  copper  structure.  The  mosaic  of  prisms  has  been 
assembled  at  Observatoire  de  Paris.  The  shape  and  tolerances  of  the  prisms  have 
been  computed  by  A.  De  Bonnevie.  The  figure  4  shows  the  realization  of  the 
mosaic  of  prisms. 
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4  Simulations  of  the  improvement  of  the  GI2T  sensitivity  by  adaptive 

optics 

The  simulations  are  based  on  the  AO  simulation  package  of  F.  Rigaut  [6]  and 
the  interferograms  are  obtained  by  fourier  transforming  a  remapped  complex  pupil 
(spatial  encoding)  [7]  containing  AO  corrected  phases  of  the  two  telescopes 
beams. 

The  figure  5  represents  the  gain  expected  in  typical  atmospheric  conditions  for  a 
5'  magnitude  star.  The  fringes  are  recorded  on  short  exposures  using  speckle 
interferometry  techniques.  The  SNR  have  been  calculated  using  the  formalism  of 
J.-M.  Conan  [8].The  SNR  is  11.2  for  the  non  corrected  case  and  105  for  the 
corrected  one.  The  gain  is  really  huge  in  observing  time  and  much  fainter  objects 
can  thus  be  observed.  Furthermore,  if  co-phasing  the  two  beams  is  possible,  then 
the  fringes  can  be  recorded  directly  on  long  exposures  and  the  SNR  will  be  the 
largest  one  can  achieve. 

5  Problematics  about  the  calibration  of  fringe  contrast  on  AO  corrected 

interferograms  and  concluding  remarks 

Calibration  with  partial  corrected  images.  In  mono-mode  fiber-based 
interferometers,  the  calibration  is  done  by  recording  the  interferometric  intensity 
together  with  the  intensity  in  single  fibers  coming  from  each  telescope;  by  this  way 
only  the  coherent  core  of  the  images  is  conserved  and  the  seeing  effect  is  removed. 
For  the  GI2T  which  is  a  multimode  interferometer,  an  equivalent  calibration  can 
be  done  by  recording  at  the  same  time  the  short  exposures  of  the  single  apertures 
and  the  interferograms.  F.  Roddier  demonstrated  that  a  seeing-free  visibility 
estimator  can  thus  be  computed  [9]. 

The  differential  piston  due  to  the  deformable  mirror.  Ideally  the  correction 
achieved  by  the  deformable  mirror  should  not  introduce  any  extra  optical  path 
between  the  two  beams.  In  practice  it  is  very  difficult  to  measure  the  piston  term 
introduced  by  each  influence  function  of  the  mirror.  A  bad  calibration  can  lead  to  a 
differential  piston  with  a  cut-off  frequency  much  higher  than  the  atmospheric 
piston  cut-off  frequency,  so  that  it  is  difficult  to  sense  it  with  a  fringe  tracker 
designed  for  atmospheric  piston.  Figure  6  shows  a  typical  temporal  spectrum  of  the 
piston  introduced  by  the  deformable  mirror.  In  this  case  we  adopted  an  error  of 
10%  on  the  estimation  of  the  piston  of  each  influence  function,  which  is 
approximately  an  upper  limit  of  the  error  made  on  the  simulated  influence 
functions.  On  time  scales  comparable  to  the  short  exposure  time,  the  visibility  loss 
can  reach  a  few  percents.  Furthermore,  this  loss  depends  on  r0  and  thus  it  is 
difficult  to  calibrate  it.  So  it  is  necessarry  to  measure  with  high  precision  the  piston 
influence  of  the  deformable  mirror  and  use  a  calibration  star,  unless  the  fringe 
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tracker  is  fast  enough  to  co-phase  the  two  telescopes  in  presence  of  fast  piston 
motion  [10]. 

Conclusions.  Combining  Interferometry  and  Adaptive  Optics  will  obviously 
revolutionize  the  field  of  high  angular  resolution  (HAR)  in  astronomy  ,  but  much 
care  must  be  taken  for  the  calibration  of  fringe  visibility.  GI2T  is  now  the  most 
advanced  interferometer  with  large  apertures  and  is  likely  to  be  a  powerful 
instrument  before  the  VLTI  is  in  operation,  and  will  give  a  foretaste  of  the 
considerable  astrophysical  results  one  can  get  in  the  future  in  HAR. 
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Figurel :  Opto-mechanical  structure  of  the  CWFS:the  sharing  and  focusing  of  the  beam  towards  the  APDs  is 
ensured  by  a  plano-convex  lens  with  a  mosaic  of  3 1  prims  stuck  on  it  (bottom  right).  Each  prism  deflects  the 
light  in  one  sub-pupil  (of  the  out-of-focus  image)  to  the  corresponding  APD.  A  field  lens  in  front  of  each 
APD  re-images  the  corresponding  prism  on  the  sensitive  surface  of  the  diode  in  order  to  minimize  effects  of 
depointing  of  the  CWFS  detection  module  and  diffraction  effects. 
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Figure2.  Optical  scheme  of  the  test  bench..  A  collimating  lens  (CL)  forms  a  pupil  image  onto  the  deformable 
mirror  (DM).  The  corrected  beam  reflected  by  DM  is  split  into  the  science  beam  and  the  wavefront  sensing 
beam  by  the  beamsplitter  BS.  The  lens  L  re-images  the  pupil  to  infinity  and  forms  a  focal  point  onto  a 
curvature  variable  membrane  mirror  (VM)  vibrating  at  2.5  kHz.  When  VM  is  flat  the  pupil  is  re-imaged  on 
the  array  of  prisms  by  a  collimating  mirror  (CM).  When  VM  is  concave,  respectively  convexe,  the  out-of- 
focus  image  O,,  respectively  02  is  re-imaged  onto  the  mosaic  of  prims.  The  control  system  CS  performs  the 
calculation  of  the  wavefront  and  computes  the  DM  commands. 

Figure  3  :  APD  modules  and  peltier  device.  Figure  4 :  Mosaic  of  prisms . 


Figure  5.  :  Interferograms  without  correction  (left)  and  with  correction  (right).  D/r0  (0.7  pm)  =  12.5  and 
wind  speed  =  20  m/s.  The  strehl  is  0.2  in  the  corrected  image.  The  coherent  energy  in  the  central  core  of  the 
right  tmage  is  of  about  15%  of  the  total  intensity.  The  images  are  displayed  in  logarithmic  scale. 
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Figure  6:  Temporal  spectrum  of  residual  piston  and  theoretical  differential  piston  of  atmosphere.  r0  -  8  cm. 
Wind  speed  =  20  m/s.  The  cut-off  frequency  of  the  mirror  piston  is  30  Hz.  The  cut-off  frequency  of  the 
atmospheric  differential  piston  is  4  Hz. 
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Conventional  deformable  mirrors  have  a  limited  throw  and  to  compensate  the  many  waves  of 
aberrations  of  a  large  aperture  membrane  mirror  we  need  to  use  holographic  correction. 
Optically  addressed  Spatial  Light  Modulators  (SLM)  have  been  used  in  laboratory 
demonstrations  to  remove  up  to  200  waves  dynamic  aberrations  [1],  The  next  step  is  to  use  a 
blazed  holographic  dynamic  correctors  to  more  efficiently  transform  the  aberrated  beam  into  a 
well  compensated  one,  eliminating  all  the  diffractive  orders.  We  are  presenting  here  the  results 
obtained  using  a  combination  of  an  optically  addressed.  Parallel  Aligned  Nematic  Liquid  Crystal 
SLM  and  an  electrically  addressed  SLM.  Using  these  SLMs  in  conjunction  with  a  CCD  video 
camera  and  a  computer  we  were  able  to  introduce  and  then  correct  for  first  order  aberrations  (tilt, 
defocus,  astigmatism)  with  up  to  50  waves  @543nm,  we  also  used  blazed  holographic  correction 
techniques  to  correct  for  around  20  waves  of  aberrations  on  a  2”  area  of  a  membrane  mirror 


1  Introduction 

Holographic  optical  aberration  compensation  has  been  demonstrated  to  be  capable 
of  compensating  for  several  waves  of  aberration.  In  a  basic  holographic  setup  an 
interferogram  of  the  aberrated  beam  is  generated  and  written  on  a  diffraction 
hologram,  so  the  local  wavefront  is  corrected.  We  used  the  same  technique  but 
blazed  the  interferogram  to  put  most  of  the  energy  in  a  single  diffractive  order.  We 
are  presenting  here  the  results  obtained  on  highly  aberrated  inflatable  membrane 
mirror  using  with  this  technique. 


2  PAL-SLM  device  and  Optical  setup 

We  used  a  PAL-SLM  device  from  Hamamatsu  Corporation,  a  pattern  is  written  on 
an  electrically  addressed  SLM  (640X480  pixels)  using  a  VGA  driver  and  then 
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optically  written  after  reimaging  on  a  Parallel  Aligned  Nematic  Liquid  Crystal 
(20x20mm).  The  phase  modulation  on  the  PAL  is  of  more  than  2n. 

In  this  setup  we  simulate  a  beam  coming  from  a  far  object,  this  image  is  collected 
by  a  highly  aberrated  membrane  mirror,  an  interferogram  between  a  reference  laser 


Figure  1.  Left:  Structure  of  the  PAL  SLM, 

Right:  combination  PAL-LCD  (PAL  SLM  X7550  device) 

beam  and  the  aberrated  beam  is  recorded  on  a  video  camera  and  digitized,  this 
interferogram  is  then  processed  by  software  and  the  resulting  phase  grating  used 
for  the  correction  is  applied  on  the  LCD,  which  is  projected  on  the  PAL.  The 
diffractive  corrected  order  of  the  PAL  is  also  recorded  on  a  video  camera  to 
calculate  the  efficiency  of  our  correction. 


Figure  2.  Optical  setup:  a  laser  beam  is  reflected  out  of  a  powered  mirror  to  simulate  the  beam 
coming  from  an  object  (beam  1),  the  image  collected  by  the  membrane  mirror  is  interfered  with  a  reference 
beam  to  form  the  aberrated  interferogram.  This  interferogram  is  digitized  and  processed  to  be  blazed  and  the 
resulting  correction  is  applied  on  the  LCD-PAL  system.  The  corrected  interferogram  is  displayed  on  a  video 
camera 


386 


3  Diffraction  efficiency  of  the  PAL  SLM 

We  measured  the  diffraction  efficiency  for  different  phase  gratings,  the  results  are 
shown  in  the  table  1  and  in  figure  3.  The  same  measurements  have  been  done  by 
Toyoda  et  al  [2]. 

Table  1.  Diffraction  efficiency  obtained  for  different  phase  gratings 


Phase  grating 

gray  level 

steps 

number 
of  fringes 
across 

diffraction  efficiency  in  different 
orders 

Binary  Grating 

0-255 

2 

5 

-1 

0 

+1 

38% 

1% 

26% 

Binary  Grating 

0-255 

2 

10 

-1 

0 

+1 

35% 

3.3% 

2(x5% 

Binary  Grating 

0-255 

H 

15 

-1 

0 

+1 

35.6% 

8.6% 

26l8% 

Binary  Grating 

0-255 

B 

25 

-1 

0 

+1 

32.3% 

7.2% 

31% 

Binary  Grating 

0-255 

2 

40 

-1 

0 

+1 

32.8% 

5.5% 

27.8% 

Sinusoide 

0-255 

■ 

-1 

0 

MM 

+2 

14.1% 

47% 

3% 

Blazed  Grating 

0-255 

23 

26 

-i 

+  1 

+ 

2 

5.3% 

4.8%  1 

Blazed  Grating 

0-255 

53 

11 

-1 

■ 

7.8% 

mi 

Figure  3.  Different  orders  when  the  PAL  is  addressed  with  a  blazed  grating  (20  slopes  across,  23  steps  per 
blazed).  There  is  72%  of  the  diffracted  beam  in  the  first  order 
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4  Correction  of  simulated  aberrations 

We  first  simulated  the  interferograms  obtained  when  one  of  the  two  interference 
beams  is  aberrated  with  first  order  aberrations  like  tilt,  defocus  and  astigmatism. 
The  results  are  shown  in  Table  2 

Table  2.  Diffraction  efficiency  obtained  for  simulated  aberrations 


Number  of  Waves  of  Aberration 

Energy  in  the  Corrected  Order 
/Total  Energy 

45 

60 

15 

30.1 

15  (defocus) 

78 

5  Blazed  holographic  optical  aberration  compensations 

The  aberrated  interferogram  is  recorded  and  digitized,  the  inverse  cosine 
function  of  the  aberrated  sinusoid  (figure  4,  left)  gives  an  aberrated  triangle 
function  (figure  4,  middle),  the  blazed  results  is  obtained  by  multiplying  this 
triangle  function  by  the  sign  of  its  gradient  (figure  4,  right). 


Figure  4.  Different  steps  to  blazed  the  interferogram 

We  used  different  different  aberarrators  including  a  membrane  mirror,  the 
aberrated  and  blazed  interferograms  are  shown  in  figure  5  and  6. 


4 


Figure  S.  Left:  recorded  aberrated  interferogram,  right:  blazed  results 


Figure  6.  Left:  aberrated  beam,  Right:  corrected  order 


6  Conclusion 

We  demonstrated  by  this  method  that  it’s  possible  to  correct  a  highly  aberrated 
inflatable  membrane  mirror  with  a  higher  efficiency  that  the  previously  done 
demonstration  [1], 
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1  Introduction 

Optical  scanning  systems  are  encountered  in  a  wide  variety  of  applications 
from  bar-code  readers  to  laser  printers.  In  many  cases,  diffraction-limited  per¬ 
formance  is  desired  but  this  can  be  difficult  to  acheive  due  to  field-dependent 
aberrations,  the  simplest  of  which  is  defocus.  Depth-of-field  is  an  important 
design  consideration,  since  the  object  may  be  tilted  or  curved.  In  practice,  a 
trade-off  between  depth-of-field  and  tranverse  resolution  is  required. 

Adaptive  optics  offers  the  possibility  of  obtaining  diffraction-limited 
scanned  imaging  of  arbitrary  objects.  The  most  elementary  correction  re¬ 
quired  is  for  focus,  particularly  in  a  post-objective  scanner. 1  In  this  paper  we 
demonstrate  that  a  bimorph  mirror  can  provide  focus  correction  and  present  a 
design  for  the  scanning  optics  of  an  A4  laser  printer  using  an  adaptive  mirror. 

2  Experimental  Demonstration 

Figure  1  shows  the  layout  of  a  breadboard  design  to  demonstrate  the  opera¬ 
tion  of  a  scanned  imaging  system  for  a  tilted  or  curved  object.  The  adaptive 
element  is  a  cooperative  bimorph  mirror  of  diameter  50mm  fabricated  in  our 
laboratory  2:  such  mirrors  can  provide  up  to  60//m  of  focus  wavefront  correc¬ 
tion  (measured  at  the  edge  of  the  aperture).  The  curvature  of  the  mirror  is 
sensed  by  the  signal  at  A,  whereas  the  signal  at  C  is  the  scanning  signal  that 
forms  the  image:  B  is  a  trigger  signal.  Figure  2  shows  the  signal  at  C  for  a 
grating  like  object  for  different  focus  settings  of  the  bimorph  as  recorded  by 
the  signal  at  A.  By  noting  the  signal  at  A  that  gives  the  peak  modulation  of 
the  scanned  signal  C,  we  can  calibrate  the  required  voltage  signals  to  be  im¬ 
posed  on  the  bimorph  during  the  scan  cycle.  In  practice,  these  signals  would 
be  sent  in  a  step-wise  fashion,  minimising  the  bandwidth  requirements  of  the 
mirror.  The  calibration  procedure  has  to  be  repeated  for  each  new  curved  or 
tilted  object.  Clearly  more  sophisticated  calibration  (or  wavefront  sensing) 
would  be  required  for  cases  in  which  every  object  presented  to  the  scanner 
had  a  different  tilt  or  shape. 
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Figure  3  shows  a  sample  result  in  which  the  signal  at  C  is  plotted  as 
a  function  of  the  scan  position  for  a  grating-like  object  without  (left)  and 
with  (right)  operation  of  the  adaptive  bimorph  mirror.  (Note  that  technical 
limitations  of  the  A-to-D  convertor  meant  that  the  signal  at  C  could  not  be 
sampled  continuously,  hence  the  break-up  of  the  signal.) 

It  is  clear  from  this  simple  demonstration  that  adaptive  optics  may  offer 
a  means  of  improving  the  performance  of  scanned  imaging  systems. 

3  Laser  Printer  Design 

In  order  to  explore  further  the  possible  role  of  adaptive  optics  in  optical  scan¬ 
ners,  a  design  study  for  an  A4  600dpi  laser  printer  was  carried  out.  A  post¬ 
objective  scanning  system  was  chosen  and  the  final  design  shown  in  Figure 
4,  based  on  a  low-cost  commercially  available  doublet,  has  diffraction-limited 
performance  (as  in  Figure  5).  Using  current  bimorph  or  membrane  mirror 
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Figure  2.  The  signal  at  C  for  a  grating  like  object  for  different  focus  settings  of  the  bimorph 
as  recorded  by  the  signal  at  A 


technology,  a  print  speed  on  the  order  of  6  pages  per  minute  would  be  possi¬ 
ble. 

In  reality,  a  more  realistic  target  specification  might  be  for  an  A4  page  at 
1500  dpi  and  20  pages  per  minute,  requiring  a  much  faster  adaptive  element. 
Possible  options  for  this  include  optimised  bimorph  mirrors,  MEMS  mirrors 
or  ferroelectric  liquid  crystal  devices. 

4  Discussion 

We  have  shown  the  feasibility  of  using  adaptive  optics  in  laser  scanning  sys¬ 
tems.  Although  the  demonstration  was  only  for  the  correction  of  focus,  other 
low  order  aberrations  could  be  corrected  in  a  straightforward  way  provided 
suitable  calibration  techniques  are  developed.  The  main  limitation  at  present 


Uncorrected 


Corrected 


Figure  3.  The  signal  at  C  is  plotted  as  a  function  of  the  scan  position  for  a  grating-like 
object  without  (loft)  and  with  (right)  operation  of  the  adaptive  bimorph  mirror 


Scan  mirror 


Figure  4.  Laser  printer  optical  system  using  an  adaptive  mirror  for  focus  correction 
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Figure  5.  Performance  of  laser  printer  optical  system 


is  the  speed  of  response  of  the  adaptive  element  and,  of  course,  the  high  cost 
of  present-day  adaptive  mirrors. 
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